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ABSTRACT The economic benefit resulting from the application of waterjet technology in
underground and surface quarrying of dimension stone chiefly depends on slotting rate. The
performance achievable in the field is connected with the operating features of the machine,
the characteristics of the material and the tensional state of the rock massif. In order to assess
the influence of the state of stress of the massif on the slotting rate, tests with oscillating
nozzle have been carried out on samples subjected to a static load, either in the direction of
the compressive force or perpendicular to it. Results are illustrated and discussed and
conclusions are drawn regarding the effect of the tensional state of the rock on material

removal rate.

1 FOREWORD

Surface quarrying is the most widespread
method for extracting dimension stones. This
is mainly due to the relatively low depth of
the deposits and to the difficulties in the
application of traditional technologies in an
underground environment. On the other side,
in developed countries, new constraints are
continuously imposed to surface activities by
the environmental legislation. The solutions
aimed at mitigating the impact on the
environment during the production activity
and the land reclamation required at the end
of the quarrying, introduce negative issues in
the overall economic balance of the
industrial  enterprise. Considering that
quarrying consumes land surface, landscape,
and, clearly, the natural resource, it must be
conducted with the maximum achievable
efficiency. It means that efforts have to be
directed to minimize the negative effects on
the environment and to improve the recovery
of the geologic resource (Agus et al. 1997).
To these concerns underground quarrying
appear to be better suited to the modern

trend. In fact it minimizes the consumption
of land, reduces the impact on the landscape
and requires few and cheap interventions for
the final land reclamation.

Underground quarrying is widely diffused
in the marble extraction industry (Fornaro et
al. 1992) while it is rarely adopted for
granite extraction. This fact is mainly due to
the cutting technologies used in the two
cases: the diamond wire and the rock-cutter
for marble extraction, drilling and explosive
splitting for granite. While marble cutting
technologies are suited for an underground
environment and have been adopted with
few modifications, those for granite can
hardly be used underground. In the last
decades two technologies have been
developed that can make feasible granite
underground quarrying: diamond wire and
waterjet slotting.

Diamond wire needs the support of
another technology, due to its inherent
limitations. To this end, waterjet would
match very well the wire saw, playing a role
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similar to that of rock-cutter in marble
quarries.

Therefore a suitable combination of these
two technologies appears to be the most
interesting solution for quarrying.

2 UNDERGROUND QUARRYING

The underground granite quarrying method
here proposed makes use of a combination
of diamond wire and waterjet technologies.

A waterjet equipment used for tunnel
excavation in a Japanese granite quarry is
shown in Figure 1.

Figure 1. Tunnel excavation in a Japanese
quarry by means of waterjet slotting
equipment

The access underground would consist of
a large gateway tunnel, from which
production activity can be developed. For
each advance step of tunnel excavation a
pilot hole is first drilled perpendicular to the
face, from which a slot can be started. The
waterjet lance, bearing the oscillating nozzle
directed towards the rock to be excavated, is
traversed forth and back parallel to the pilot
hole and after each cycle it is periodically
moved sideways by incremental steps, thus
extending progressively the rectangular area
slotted until reaching the opposite end of the
slot (Figure 2). From the first one all
subsequent slots can be started following a
convenient order.

Once all the waterjet slots are completed,
individual blocks can be extracted by cutting
the back hidden face with diamond wire
(Figure 3).
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Figure 2. Scheme of tunnel excavation in
underground granite quarry using waterjet
and diamond wire. First phase: Waterjet
slotting at the face. Slot depth: 3m

Figure 3. Scheme of tunnel excavation in
underground granite quarry using waterjet
and diamond wire. Second phase. Diamond
wire sawing of the rear face in two stages of
slicing. Block width: 1.5 m

In the case of flat orebodies, blocks will
be extracted by room-and-pillar method
according to a well-planned layout, whereas
in the case of steeply dipping formations
rock will be excavated by levels that are
worked out individually with a downwards
sequence, leaving large chambers some tens
of meters high.

Regarding  bench  geometry,
configurations can be adopted:

A - High bench, where the vertical extent
of the face varies from 6 to 18 m, according

two
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to cases. Commercial blocks, whose size
ranges from 4 to 12 m’, are produced with a
sequence of cascade subdivisions. A primary
block, up to 2,000 m’ in size, is first isolated
from the hillside and then split into
secondary blocks (slices), about 100 - 200
m’ big and 1.5 to 3 m wide, that in turn are
toppled to the floor. Production of final
blocks takes place by means of suitably
directed cuts across the thickness of each
slice, aimed at separating the valuable stone
from the defective material to be dumped as
a quarry waste. This variant is applied
whenever a selection is needed. Quarry
recovery typically varies from 20 to 60%.

B - Low bench, where face height is
smaller than 3 m. Commercial blocks are
individually extracted right from the bench,
their size being of the order of 10 m® with a
very narrow range of variability. Recovery
can be considerably large. This variant
should be preferred if selection is not needed
(rock exempt from flaws and little fractured).

3 INFLUENCE OF THE STRESS ON
THE WATERJET PERFORMANCE

Many industrial experiences demonstrate
that the slotting rate achievable on a given
rock, with fixed operational parameters
(waterjet pressure and nozzle diameter, lance
traverse  velocity, nozzle  oscillation
frequency) depends on the state of stress
acting in the rock mass being cut (Ciccu
1993, Ciccu and Flamminghi 1996).

Aimed at finding the relation between the
rock’s state of stress and the slotting rate an
experimental research has been started at the
DICAAR waterjet laboratory.

3.1 Experimental Set-up

The experimental set-up consisted of:

- a Hammelmann High Pressure plunger
pump (power at the engine flywheel:
about 300 kW; maximum flowrate: 54
1/min at 250 MPa);

- a waterjet lance provided with an
oscillating nozzle (top frequency: 20

Hz; maximum traverse velocity: 15
m/min);

- a block carrier platform (minimum
advance step: 1 mm/cycle);

- aprogrammable control unit;

- a specially designed  uniaxial
compression cell provided with a
hydraulic jack capable of imparting a
load of up to 100 t to the sample.

Tests have been carried out under the

following experimental conditions:

- pressure: 100, 160 and 200 MPa

- nozzle diameter: 0.96 mm

- oscillation frequency: 20 Hz

- sweeping angle: 22° on each side

- advance per stroke [mm] and traverse

speed [m/min]: variable

3.2 Material

Cubic samples of granite quarried in
Sardinia, whose main characteristics are
given in Table 1, have being used.

Table 1. Physical and mechanical properties

of the Rosa Beta granite

Properties Meas. Value
Bulk specific gravity [kg/m’] 2,588
Absorption coefficient [%] 4.85
Porosity [%] 0.63
Compressive strength [MPa] 1,920
Flexural strength 156
Impact test (Height of fall) [cm] 68
P-wave velocity [m/s] 5,626

3.3 Testing Procedure

Four series of tests have been carried out
with variable setting of pressure and traverse
velocity, at constant nozzle diameter,
oscillation frequency and sweeping angle.

Each series was conceived for putting into
evidence the effect of stressing in relation to
the cutting direction. The first series was
aimed at disclosing the variation of volume
removal due to a compressive load applied
in the central part (shadowed area) of a
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parallelepiped shaped sample, perpendicular
to the cutting plane, as shown in Figure 4.

Figure 4. Experimental conditions for the
first series of test

Three tests have been made at variable jet
pressure (200, 160 and 100 MPa), under a
load of 50 t.

Since the effect of stressing is enhanced
near the pressure threshold of the rock, the
further three series of tests have all been
carried out at 100 MPa. It was also decided
to maintain the advance per cycle constant (2
mm) and to find the peak cutting rate by
varying the traverse velocity.

The purpose of the second series was to
put into evidence the effect of a static load
parallel to the cutting plane, as shown in
Figure 5.

30|

Figure 5. Experimental conditions for the
second series of test
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The slot was made nearer to one of the
free faces of the sample in order to show the
effect of load unbalance, producing a
differential stress at the slot sides.

The necessary clearance for the traversing
lance was obtained by opening a 6 cm deep
slot before imparting the load. The variation
in cutting rate with depth of slot was then
determined.

The third series of tests was carried out
subjecting the sample to an evenly
distributed lateral compression (25 and 50 t):
the effect of stress on cutting performance
was assessed by measuring the maximum
slot depth down to which predetermined
levels of cutting rate could be maintained.

Figure 6. Experimental conditions for the
third series of test

Figure 7. Experimental conditions for the
fourth series of test

Loading conditions are shown in Figure 6.
Finally, the alleged favorable effect of
tensile stress on cutting rate was investigated
by applying a flexural load as illustrated in
Figure 7.
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Stress distribution in the neighbors of the
slot bottom was assessed using the three-
dimensional FLAC code. The study was
carried out on suitable cross sections of the
cubic samples used for the experiments, at
variable slot depth.

Samples have been spatially oriented as
follows:

Z-direction = axis of the slot

Y-direction = depth of the slot

X-direction = perpendicular to the slot
plane

Therefore the jet is always traversed in the
Z-direction and the cross sections are taken
parallel to the X-Y plane.

3.4 Results

3.4.1 Preliminary investigation

Results obtained with the first series of tests
are summarized by the curves of Figure 8
giving the relative variation in volume
removal per unit length of slot for the
different cross sections of the sample.
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Figure 8. Variation in volume removal along
the Z-direction

From the comparison of these curves it
clearly appears that:

- volume removal is considerably lower in
the central part of the sample where
compression is higher;

- average slotting velocity at 100 MPa
resulted to be 0.45 m?h, lower than that
obtained in the case of unloaded samples
(0.63 m?/h); this performance is approached

at both extremes of the sample where stress
is gradually reduced;

- the variation in volume removal is much
more evident in the case of 100 MPa
pumping pressure, as expected.

3.4.2 Compression parallel to cutting plane

Under a constant load of 25 t, it was found
that cutting rate decreased to 0.48 m*/h after
deepening the initial slot by further 10 cm
and to 0.39 m%’h after additional 15 cm,
compared to 0.63 m’/h achieved on the
unloaded reference sample.

It was also observed that slot walls were
very smooth and that the bottom showed an
unusual section characterized by a marked
excavation at the corner corresponding to the
thicker leg between the slot and the lateral
free face of the sample.

3.4.3 Compression perpendicular to cutting
plane

Results confirm the indication of the first
series of tests, as shown in Table 3 giving
the maximum slot depth achievable with
predetermined levels of cutting rate as a
function of compressive load.

Table 3. Depth of slot as a function of
compressive load at different cutting rates.

Load  Cutt, rate Depth
[t] [m®/h] [mm]
Marg. Abs.
25 0.45 25 25
0.36 10 35
0.30 >25 >60
50 0.45 15 15
0.36 10 25
0.30 25 60

It is clear that, as the slot is deepened, the
resisting area is progressively reduced,
entailing a corresponding increase in
compressive stress. This explains the
decrease in cutting rate at depth.

Moreover, the higher the external load,
the shallower the slot that can be excavated
with a given cutting rate, roughly with a
reverse-proportion trend.
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The negative influence of compressive
stress on jet performance appears
demonstrated.

3.4.4 Flexural load

By applying a force of 5 t at the central line
between two flat 5 cm wide bearings, cutting
rate increased from 0.63 to 0.69 m*/h over
34 mm depth. On doubling that force,
cutting rate jumped to 0.84 m*/h over further
30 mm, then the sample split apart.

The explanation of this outcome is trivial:
jet performance is greatly enhanced if the
rock at the bottom of the slot is subjected to
tensile stress, whereby preexisting and newly
induced cracks are better propagated,
producing a faster rock disintegration
(Erdman — Jesnitzer 1980).

Cutting rate appears to be very well
correlated with o, as shown in Figure 9
where the results of all tests are reported.
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Figure 9. Cutting rate versus maximum oy
stress component at the central point of the
slot bottom

4 CONCLUSIONS

At the present state of the art, the most
promising  prospects  concerning  the
application of waterjet in granite quarries are
for:

- bench opening slot (replacing flamejet) and
horizontal underhand cut (replacing
explosive splitting) in the case of surface
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quarrying according to the conventional
high-bench method;

- as an alternative, L-shaped horizontal and
vertical slots, up to 3.5 m deep, on the side
face of the bench, (diamond wire can then

be encompassed along the exposed
perimeter, with no need for preliminary
drilling, for the subsequent slicing

operation);

- all face cuts (no substitute technologies are
at hand) in the case of tunnel excavation;

- perimetrical slice delimitation in the case
of  development of large underground
chambers according to the high bench
method.

The association of waterjet with diamond
wire offers a very interesting solution for
mechanized quarrying, since both are able
to work in a completely automated fashion.

The importance of stressing conditions of
the rock must be emphasized.

In fact, rock slotting with waterjet is very
sensitive to the stress at the slot bottom
normal to the cut plane.

The considerable influence of stressing
state on waterjet performance in rock
slotting with high velocity waterjet have
been demonstrated by the results of the
described experimental research.

In particular cutting rate increases if the
rock near the slot bottom is subjected to
tensile stress whereas it deteriorates in
presence of compressive stress.

Therefore in quarrying operations suitable
cutting sequences should be devised in order
to generate a stress pattern characterized by
prevailing traction in the slotting region.

When crossing a strongly compressed
rock, jet pressure should be increased for
winning the tough-to-cut material, whereas
hydraulic energy is better exploited using a
lower pressure, higher flow rate jet when
crossing tensile areas (Summer 1987, Agus
etal. 1991, Agus et al. 1993).
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Modeling Aspects of Block Toppling in Rock Slopes

L. Claudia Pereira, M. Sabino Lana, F. Costa Melo, P. F. Trindade Lopes
Federal University of Ouro Preto,Ouro Preto, Brazil

ABSTRACT Sliding failure mechanisms are well-known by the geotechnical community and
their use in engineering practice is very common. It is not the situation for failure mechanisms
involving toppling. Despite the widespread occurrence of block toppling in rock slopes,
methods currently available to study the phenomenon are not used regularly in engineering
practice.

Many analytical approaches have been developed to study block toppling. However, it is
necessary to make over-simplifications concerning the geometry of the discontinuities and the
slope which are difficult to achieve in the field. Numerical models to study block toppling are
also not trivial. An adequate numerical model to represent the failure mechanism should be
capable of representing the discontinuities.

In this paper analytical and numerical methods to study block toppling are discussed.
Advantages and limitations of the various methods are presented. Both continuous and

discontinuous numerical methods are used.

1 INTRODUCTION

Block toppling is a very common failure
mechanism in rock slopes. It occurs in a
variety of rock types and conditions.
Discontinuity patterns that lead to block
toppling are very general. High or small
discontinuity persistence and spacing are
possible configurations in block toppling.

Toppling failure is due to forces that cause
block rotation, column flexure or both.
Blocks or columns are created by the
intersection of discontinuity sets. Three main
types of toppling are described by Goodman
& Bray (1976): flexure toppling, block
toppling and block-flexure toppling. They
are showed in Figure 1.

In flexural toppling the flexure of well-
developed, steeply dipping discontinuities
occurs. According to Wyllie & Mah (2004),
flexural toppling occurs in typical geological

conditions. It may occur, for instance, in
thinly bedded shale and slate, in which
orthogonal joints are not well developed. In
Brazil common occurrences of flexural
toppling were found in phyllites, where
foliation  joints are the  dominant
discontinuities.

According to Goodman & Bray (1976),
conditions for the start of flexural toppling
involve interlayer slip, which liberates the
columns to bend in flexure.

Block toppling occurs in the presence of
two discontinuity sets; one dipping steeply
into the face and another with orthogonal
joints cutting the former set.

According to Wyllie & Mah (2004), the
short blocks at the slope toe are pushed
forward by the loads from the overturning
blocks behind, allowing further toppling to
develop higher up the slope.
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Figure 1: Types of toppling, Goodman & Bray (1976)

A failure basal surface is developed in
toppling. In flexure toppling this basal
surface tends to be planar. In block toppling
this basal surface tends to be a stepped
surface rising from one cross joint to the
next.

In block-flexure toppling, flexure along
pseudo-continuous co{)umns occurs. These
columns are divided by many cross joints.
Instead of flexure along columns the failure
is due to their toppling because of the
movements along the cross joints.

2 BLOCK TOPPLING KINEMATICS

Discontinuity sets involved in toppling
should be identified as well as their position
in relation to the slope face. Hemispherical
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projection methods and field observations
are used to identify block geometry. In
addition, discontinuity spacing should be
measured in order to define block height and
width.

Kinematic conditions for block toppling
and sliding are defined in Figure 2, for
gravitational loading. Block toppling occurs
when the moment of the sliding force is
greater than the moment of the normal force
to the block base, see Figure 2 (a). This
condition is represented by:

Ax
o < tany, (@9
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Figure 2: Kinematic condition for block toppling: (a) block in an inclined plane; (b)
conditions for sliding and toppling, Wyllie & Mah (2004).

Block sliding occurs when the base plane
angle is greater than its friction angle.

Both sliding and toppling kinematic
conditions apply to null cohesion
discontinuities.

In Figure 2(b) kinematic conditions for
toppling and sliding of blocks are shown, as
a function of width to height of blocks and
the base plane angle.

3 STABILITY ANALYSIS OF BLOCK
TOPPLING

3.1 Limit Equilibrium Methods

Limit equilibrium methods involves the use
of analytical solutions. The rock masses or
rock blocks are rigid bodies and their
movement occurs along a basal failure
surface. Equilibrium of forces and moments
are considered in limit equilibrium analysis
of block toppling.

In classical solutions force and moment
equilibrium equations are solved for each
block, starting at the uppermost block. The
block can be stable, toppling or sliding,
depending on block dimensions, sliding
strength and external forces. Goodman &
Bray (1976) were the first authors to propose

a limit equilibrium solution for block
toppling. Their model is shown in Figure 3.
The base of the toppling blocks is a stepped
surface with an overall dip vy,. There is no
suggestion to determine the dip of this basal
surface but it has a great influence on the
stability of slope. One possible simplification
is to consider the basal surface planar instead
of stepped but the problem of this dip angle
remains undetermined.

Bobet (1999) proposed another solution
for limit equilibrium analysis of block
toppling, where block thickness is small
comparing to block height. The relation
between slope height and block thickness
was called slenderness ratio. The problem
can be solved considering that the rock mass
behaves as a continuous medium. The
method proposed by Bobet (1999) eliminates
the need of knowing the detailed geometry of
blocks, as it is the case in the method of
Goodman & Bray (1976).

Sagaseta et. al. (2001) extended Bobet
model to incorporate a basal failure surface
not necessarily normal to discontinuity set
prone to toppling. Their model is valid for a
slenderness ratio greater than 20.
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Figure 3: Limit equilibrium model for analysis of block toppling on a stepped base, according

to Goodman & Bray (1976).

Liu et. al. (2008) have also presented a
solution of block toppling for continuous
rocks mass, based on the proposals of Bobet
(1999) and Sagaseta et. al. (2009). In another
paper, Liu et. al. (2009) presented a solution
for block toppling applied to discontinuous
rock masses.

3.2 Numerical Methods

Numerical analyses are the most flexible
methods to solve stability problems. They
allow the solution of equilibrium equations
and the use of many different constitutive
relations,  considering  the  material
deformations. The rock mass can be a
continuous or discontinuous medium. A
comprehensive discussion of numerical
methods and their application in engineering
practice can be found in Jing & Hudson
(2002).

Numerical modeling of block toppling
requires discontinuity representation in the
model. Continuous methods which permit
the explicit representation of  the
discontinuities can be used, as the finite
element method implemented in the two-
dimensional software Phase2, of Rocscience
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Inc. (2005). These methods can be useful to
determine the collapse onset or the larger
displacements that cause rock blocks
separation. Nevertheless, complex
mechanisms involving rotation or breakout
of blocks cannot be modeled by continuous
approaches.

Discontinuous methods, as the discrete
element method, are alternatives to
continuous approach. The rock mass is
represented as an assembly of discrete blocks
which interact through contact forces. Blocks
can be rigid or deformable.

The Universal Distinct Element Code
(UDEC), which is a software based on the
distinct element method, can be used to
model block toppling. It is adequate to model
problems with large displacements or
deformations. Two dimensional and three
dimensional versions are available.

Model behavior in UDEC is numerically
modeled by an algorithm of the type
timestep, where timestep size is limited by
the  hypothesis that  velocities and
accelerations are constant in a timestep or a
cycle. Collapse will generate an unbalanced
force in the system. The number of cycles
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and the values could be established by the
user to monitor the failure process. In Figure
4, the modeling of a collapse situation in
block toppling is showed. By monitoring the
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number of cycles, Nichol et. al. (2002) could
represent the failure process.
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Figure 4: Block diS{)lacements in block toppling modeled by UDEC: (a) after 20,000 cycles;

(b) after 40,000 cycles (Nichol et. al., 2002)

4 CASE STUDIES

4.1 Toppling of a Single Block

A simple case of block toppling is illustrated
in Figure 5. It is a single llgloc in an urban
slope in Ouro Preto, Brazil. The rock mass is
a schist.

The hemispherical projection of the
discontinuities and the slope face can be seen
in Figure 6. Two failure mechanisms are
possible in this figure; sliding through 3m or
toppling through Im. Discontinuity 1m is the
foliation and 1t dips into the slope face, see
Figure 5. Discontinuity 2m forms the lateral
release surfaces of the block.
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Figure 5: Toppling block in the slope at Vila Aparecida neighborhood.
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Figure 6: Discontinuity sets and the slope at Vila Aparecida neighborhood (Dips 5.0).

Basal surface is formed by discontinuity
3m, whose average spacing is equal to
0.36m, the block height. Average spacing of
discontinuity Im is 0.24m, the block width.
Friction angle of basal discontinuity is equal
to 35°. According to Figure 2 the block can
toppling and sliding.
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4.2 Toppling of a Set of Blocks

Two approaches were used to study block
toppling involving many blocks; numerical
methods and analytical methods. For
numerical  methods  continuous  and
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discontinuous approaches were employed.
Phase2 and UDEC programs were used.

The analytical approach used in this work
was the limit equilibrium method proposed

by Liu et. al. (2009) for discontinuous rocka)

masses. The database is typical of a quartzite
slope of a roadway from Ouro Preto to Belo
Horizonte, Brazil.

4.2.1 Numerical methods

The following data was used for the models:
Slope: height of 25.8m and dip face angle of
80°.

Rock mass: Young modulus: 200,000MPa,
Poisson ratio: 0.2

Unit weight: 0.024MN/m’

Frictionangle: 43.6°, Cohesion: 2.45MPa
Discontinuity properties:

Dip of toppling discontinuity: 45°, into the
slope face; Spacing: 4.8m

Dip of basal discontinuity: 28°; Spacing:
1.2m

Friction angle of discontinuities:
Cohesion: 0

Normal stiffness coefficient: 40MPa/m
Shear stiffness coefficient: 0,4MPa/m
In situ stress:

Gravitational field stress with horizontal
stresses calculated as a poisson ratio
function.

24°,

Results from Phase2 showed collapse due
to discontinuity movements. Basal failure
surface can be deduced from model
displacements, as indicated in Figure 7.
Beyond the basal failure surface,
displacements are close to zero. Basal
surface dip angle is 47° and its height is
25.563m. The direction of displacement
vectors in the model shows a tendency to
sliding failure.

In Figure 8 the deformed contours of
discontinuities shows a tendency to block
toppling. Both failure modes are possible but
observations in the field showed block
toppling is the dominant mechanism.

- "

Figure 7: Total displacement and displacement vectors (Phase2, v.8.0).
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Figure 8: Deformed contours of discontinuities (Phase2, v.8.0).

In UDEC the model presented serious
problems. The execution was not successful
due to small dimensions of blocks. It was
decided to execute the model with larger
discontinuity spacing. A multiplier factor of
100 was applied to discontinuity spacing.
Despite the fact the discontinuity spacing is
completely out of range, the same
proportions were kept considering block
sizes in the model. Different values of
displacements are expected but the direction

S Veman S0

of the displacement vectors tends to be the
same of the original model.

Results from UDEC are shown in Figure
9. Displacement vectors indicate a tendency
to sliding failure mode. The model has not
converged; which means its collapse, the
same result found in Phase?2.

The results are very similar to those found
in Phase2 in terms of total displacement and
displacement vectors. The basal failure

surface is noticeable in the model, as it was
in Phase2.

ik

Figure 9: Total displacements and displacement vectors (UDEC, v.5.0)
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4.2.2 Analytical methods

The analytical method proposed by Liu et. al.
(2009) was applied. The same geometrical
conditions of the computational models were
assumed. The position of the basal failure
surface found in computational models was
assumed for the limit equilibrium model. It
was considered a good indication of the
position of this surface as it is quite arbitrary
in limit equilibrium methods.

The following data was used in the model:
Model height: H = 25.563m
Block thickness: ¢t = 1.2m
Unit weight: y = 24kN/m’

Wi sin B —[W; +@i—1)Ni—1](cos Byr+tan g sin Bpr)

Angle of the normal line to toppling
discontinuity and the x axis: f = 45°

Dip angle of basal discontinuity: £, = 28°
Dip slope angle: S, = §0°

Angle of the natural ground and the x axis:
B,=0

Dgip angle of basal failure surface: § = 47°
Friction angle of discontinuities: ¢ = 24°

The geometry of the limit equilibrium
model is shown in Figure 10.

The transition for toppling to sliding
failure in the model of Liu et. al. (2009)
occurs when the following equation is
verified:

f'i_

where:
W; is the weight of block 1

W/ = %ytz{sinﬁ[)( + (m —i)Ay] — cos B — sin B tan By, }

er

T {Wicos By =W/ +@hi_1~1)N;_;](tan ¢ cos Byr—sin fpy)} tan ¢

>1 )

(i<m)

o2
x 1s the slenderness ratio

cos fsr Ag H  tan B,
sinf; Ayt A

1
m = int
{Ag tan 8 "

Ay =tan By, —tan 0,

As = tan 5, —tan 6,

1 = (= m)Alsin B[y — (i — m)A, + tan B,] — cos B}
-2 x — (i —m)A; — tanfs, + tan By,

(i=m)

+ 1} ,m is the crest block number

47



L. Claudia Pereira, M. Sabino Lana, F. Costa Melo, P.F. Trindade Lopes

Figure 10: Limit equilibrium model for block toppling (Liu et. al., 2008).

The results of the analytical model are
showed in Table 1. The number of the crest
block is 10. Stable blocks are not considered
in this model. Therefore, toppling starts with
block number 1.

Slenderness ratio is equal to 11.79. Liu et.
al. recommend the use of discontinuous
model for slenderness ratios smaller than 15.

All blocks in the model belong to toppling
set, according to equation (2). Blocks whose
number is equal or greater than 20 must be
disregarded as the values of f; are less than
zero. As a result there are 19 toppling blocks
in the system.

472

The support force to keep the system
stable can be calculated, based on the
equilibrium equations. If this force is greater
than zero, the system is unstable. For a null
support force the system is in the point of
equilibrium limit and for negative support
forces the system is stable.

The support force in the model is
approximately 39KN. This force means the
entire system is unstable. The collapse of the
system also happened in all computational
models.
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Table 1: Results of the analytical model (adapted from Liu et. al., 2009)
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5 CONCLUSIONS

Although block toppling is a common failure
mode in rock slopes, the available methods
for its stability analysis need to be improved.
They have not yet incorporated to
engineering practice because of over
simplifications and the need to assume
arbitrary hypotheses.

One of the arbitrary assumptions concerns
to the position of basal failure surface in
limit equilibrium analysis. In this paper a
suggestion to determine this surface is
presented, based on the results of
computational models. It seems to be an
interesting suggestion. On the other hand
analytical results become dependent on the
availability of numerical methods.

The models used in this paper lead to
similar results in terms of collapse of the
entire system. Although computational and
analytical methods are quite different in their

assumptions, they seem to confirm the
analysis. The authors recommend the use of
other models of block toppling to judge the
apparent similarity of the methods.

The improvement of analytical methods
would be a good contribution to the study of
block toppling in engineering practice.
Computational methods present difficulties
which must be overcome, especially the
limitations related to block sizes.
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Jeopolimerlerin Macun Dolgunun Dayanim ve Islenebilirlik
Ozelliklerine Etkisi

The Effect of Geopolimers on the Strength and Workability
Characteristics of Paste Backfill

F. Cihangir, B. Er¢ikdi, A. Kesimal, H. Deveci

Karadeniz Teknik Universitesi Maden Miihendisligi Boliimii, Trabzon
Y. Akyol, S. Ocak, M. Kurtulus

Maden Miihendisi, Trabzon

OZET Macun dolguda jeopolimer esashi baglayicilarin  kullanilabilirligi, dolguya
kazandiracagi mekanik ve durabilite Ozelliklerinin yaninda islenebilirlik 6zelliklerine de
baghdir. Bu calismada siilfiirce zengin normal ve slami uzaklastirilmis maden tesis
atiklarindan aktiflestirilmis yliksek firin ciirufu esasli jeopolimerler ve normal portland
cimentosu kullanilarak numuneler hazirlanmistir. Hazirlanan taze macun dolgu
malzemelerinin kivam (islenebilirlik) 6zellikleri ve kiir islemine tabi tutulan numunelerin de
28 giinlik dayanim sonuglart arastirilmistir. Jeopolimer baglayicilar ile hazirlanan macun
dolgu numunelerinin tamaminin 28 giinliik kiir siiresindeki 1 MPa’lik esik dayanim degerini
sagladig1 goriilmiigtiir. Ancak, normal Portland ¢imentosu ile sadece slami uzaklastirilmis
atiktan hazirlanan numuneler esik dayanim degerini saglamistir. Normal Portland ¢imentosu
iceren macun dolgu malzemelerinde iki saatlik siire icinde %1 ila %6 oraninda islenebilirlik
kayb1 goriiliirken, jeopolimer igeren macun dolgu malzemelerinin kivaminda azalma
izlenmistir. Dolayisiyla, jeopolimerlerin macun dolgu mekanik 6zelliklerinin yaninda, dolgu
malzemelerinin islenebilirlik 6zelliklerini de iyilestirdigi sonucu elde edilmistir.

ABSTRACT The utilization of geopolimer based binders in paste backfill depends on the
workability characteristics in addition to the mechanical and durability properties. In this
study, fresh paste backfill materials were prepared with geopolimer binders (alkali activated
blast-furnace slag) and normal Portland cement from sulphide-rich tailings of normal mill
tailings and de-slimed tailings. Afterwards, the consistency (workability) properties of fresh
backfill samples and the strength values were tested at 28 days curing time. Paste backfill
samples prepared with geopolimers were seen to give the value of the threshold strength of 1
Mpa at 28-days curing time. However, only the samples prepared with ordinary Portland
cement from de-slimed tailings were observed to maintain the value of the threshold strength.
A workability loss of 1.0 to 6.0 percent was obtained in fresh paste backfill materials
prepared with normal Portland cement in two-hours period. On the other hand, geopolimers
were followed to decrease the consistency of fresh paste backfill materials. Therefore,
geopolimers were seen to increase not only the mechanical properties of the paste backfill
material, but they improved the workability characteristics, also.
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1 GIRIS

Macun dolgu; cevher zenginlestirme
islemleri sonrasi ortaya ¢ikan maden tesis
atiklari, amaca bagli olarak % 3-9 oraninda
baglayict madde ve su karisimindan olusan,
%70-85 oraninda nihai kati oraninda ve
uygun kivamda (7.0-8.5 slamp) bir
malzemedir. Dolgu bilesenlerinden her biri,
macun dolgunun kisa ve uzun doénemdeki
dayanimini, durabilitesini, nakliyesini ve
bosluklara yerlestirilmesi gibi iglenebilirlik
ozelliklerini 6nemli derecede etkilemektedir.
Macun dolguda genellikle normal Portland
¢imentosu ve mineral katkili Portland
kompoze ¢imentolar kullanilmaktadir. Son
yillarda, puzolanik mineral katk1
maddelerinin alkali aktivasyon teknikleri ile
aktiflestirilerek ¢imento yerine kullanimi
giderek yayginlagsmaktadir. Macun dolguda
normal Portland ¢imentosuna (CEM 1 42.5R)
alternatif olarak alkali aktive yiiksek firin
cliruflarinin (jeopolimer baglayicilar)
kullanilmas:1 durumunda, asit, siilfat, vb.
etkiler ile kimyasal korozyonlara kars1 daha
dayanikli ve daha yiiksek dayanima sahip
dolgu iiretilebilmektedir (Cihangir, 2011).

Jeopolimer c¢imentolarin kullanimi eski
Misirhilar’dan  giiniimiize kadar ulagmasina
ragmen, giiniimiizde yeni bir teknoloji olarak
diistiniilmektedir. Ozellikleri az
bilindiginden ve yaygm kullanilmadigindan
ticari olarak smirli  kullanima sahiptir.
Davidovits (1979), eski Romalilarin ve
Misirlilarin giinlimiize dek ulagan yapitlarini
dogal taslardan degil, jeopolimer ¢imentolar
kullanarak insa ettiklerini belirtmistir. Misir
piramitlerinin;  kiregtast kumu, NaOH,
Na,CO; ve su kullanilarak yerinde insa
edildiklerini, yaptig1 mineralojik, kimyasal,
yapisal ve dokusal arastirmalarina bagh
olarak kanitlamis ve rapor etmistir (Torgal
vd., 2008).

Jeopolimer ¢imentolar; yilkksek firin
clirufu ve ugucu kiil gibi alimlinyum ve
silikatca zengin puzolanik malzemelerin
alkali kimyasallarla muamele edilmesiyle
elde edilirler. Jeopolimer ¢imentolar atik
veya yan sanayi tirlinlerinden
iiretildiklerinden ve baglayici olarak ekstra
bir kullanima sahip oldugundan, oldukca
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avantajhidirlar. Bununla birlikte, ¢imento ile
kiyaslandiginda sifir sera gazi emisyonu,
ekstra pisirme enerjisi ve dogal mineral
kaynaklarmin kullanimint = gerektirmemesi
gibi yonlerinden dolay1 olduk¢a ¢evrecidirler
(Ehrenberg, 2005). Jeopolimerler;
madencilikte, insaat sektoriinde, atik
yonetimi ve Ozel beton uygulamalarinda
kullanilabilmektedir. Jeopolimer
¢imentolarin, madencilikte yeralt1 dolgu
uygulamalarinda asir1 tuzlu su ortamlarinda
dahi g¢imentolu iirlinlerle kiyaslandiginda
daha diisiik maliyetlerde 5 kata kadar daha
yilksek  dayanim  sonuglart  drettigi
belirtilmektedir (Drechsler, 2006). Macun
dolguya yonelik yiiksek siilfat iceren maden
tesis  atiklarinin  kullanildigr  agresif
ortamlarda dahi (DIN 4030), jeopolimerlerin
¢imento iceren dolgu Orneklerine kiyasla
daha durayli ve 5 kata kadar yiiksek dayanim
sonuglarinin  elde edildigi  goriilmistir
(Cihangir vd., 2012).

Macun dolguda dayanim ve durabilitenin
yaninda onemli diger bir husus ise dolgu
malzemesinin  pompa-boru  sistemi ile
yeraltina taginmasi ve yeraltindaki cevheri
almmig bosluklara yerlestirilmesidir. Dolgu
malzemesi 6 ila 15 dakika arasinda, macun
dolgu tesisine olan uzakliga bagl olarak
yeraltinda doldurulacagi nihai bosluga
ulasmaktadir. Tasinma esnasinda macun
dolgu malzemesinin kivaminda herhangi bir
degisiklik olmamas1 ve baslangi¢ kivamini
korumasi; pompa basinct ve enerji
maliyetlerinin yaninda, borularda tikanma ve
asiri siirtiinmeden dolay1 asinma
problemlerinin engellenmesi ve tamir-bakim
meliyetleri acisindan biiyik Oonem arz
etmektedir (Hewitt vd., 2009).

Macun dolgunun yeraltina taginma
esnasindaki reolojik &zelliklerine yonelik
literatiirde cok az c¢alismaya rastlanmustir.
Ayrica slami uzaklastirilmis tesis
atiklarindan  hazirlanan  macun  dolgu
Ozelliklerine yonelik de literatlirde simirh
sayida ¢alisma bulunmaktadir (Kesimal vd.,
2003; Ercikd1 vd., 2003).

Insaat sektoriinde jeopolimer baglayicilar
kullanildiginda taze numunelerde
islenebilirlik kayiplart meydana gelmektedir.
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Bu ylizden 6zel kimyasal ve ultra ince
mineral katki maddelerine bagvurulmaktadir
(Collins ve Sanjayan, 1998; Torgal vd.,
2011). Macun  dolguda  jeopolimer
baglayicilarin beton malzemelerine benzer
sekilde islenebilirik kayiplarina neden olup
olmayacagimmin  ortaya konulmasi, bu
baglayicilarin macun dolguda teknik olarak
kullanilip kullanilamayacaginin belirlenmesi
acisindan biiyiik 6nem tasimaktadir.

Bu ¢alismada; normal Portland ¢imento ve
jeopolimer baglayicilar ile siilfiir igerigi
yiiksek normal atiklardan ve bu atiklarin
siklonlanmasi ile ince miktarinin
uzaklastirilmasindan elde edilen biraz daha
iri boyuta sahip cevher zenginlestirme tesis
atiklarindan  hazirlanan  macun  dolgu
malzemelerinin kivam ozellikleri
arastirilmistir. Bu kapsamda normal Portland
¢imento ve iki farkli jeopolimer (alkali
aktive yiiksek firn ciirufu) baglayici
malzeme kullanilarak hazirlanan taze macun
dolgu malzemelerinin ilk iki saatteki reolojik
davraniglar1 arastirllmistir. Macun dolguda
dolgu malzemesinin islenebilirlik
ozelliklerine yonelik literatlirde sinirli sayida
caligma bulunmaktadir (Yin vd., 2012).
Dolayisiyla bu c¢alismanin, hem normal
Portland c¢imento ile hem de jeopolimer
baglayicilar kullanilarak hazirlanan macun
dolgu malzemesinin pompa-boru sistemi ile
tasinmasi ve yerlesmesi esnasinda gegen
stiredeki reolojik ozelliklerinin
belirlenmesinin uygulamada ve literatiire
katkilar saglayacag diisiiniilmektedir.

1.1 Macun Dolgunun Yeraltina Nakliyesi

Macun dolgu malzemesi macun dolgu
tesisinde hazirlanmaktadir. Macun dolgu
tesisleri, yaklasik olarak agirlikca ortalama
%75-85 kati oraninda, 12-200 m’/sa
kapasitede ve 5-13 MPa pompa basincinda
dolgu malzemesi iiretme ve nakliye
kapasitelerinde  tasarlanabilir ~ (Paterson,
2011; Er¢ikd1 vd., 2012). Agirlikga yaklagik
%30 kat1 igeren tesis atiklart Oncelikle 4"
capinda borularla macun dolgu tesisine
gonderilmektedir. Atiklar ilk olarak degisik
caplardaki tiknerlerde koyulastirilmakta ve
buradan depolama tankina nakledilmektedir.

Depolama tankinda homojenlestirilen atiklar
vakumlu  disk  filtreler  kullanilarak
susuzlastirilmaktadir. Bu islem sonucu
olusan filtre kekinin kat1 igerigi agirlikca
%80-86’dir. Burada susuzlandirmanin temel
amaglar;; tesise su geri beslemesini
saglamak, dolgu i¢in gerekli uygun,
islenebilir karisim malzemesini saglamak ve
dolgu biinyesinde yer alabilecek suyun
kimyasal a¢idan maksimum kontroliinii
(SO, igerigi vs.) saglamaktir.

Daha sonra filtre kekine kondisyoner
tankinda su ve mikserde baglayici ilave
edilerek homojen bir sekilde karistirilmakta,
hazirlanan karisim 5" ¢apindaki borular ve
pompalar  vasitasiyla  yeraltt  {retim
bosluklarina nakledilmektedir (Sekil 1).

Tesiz abklar
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Sekil 1. Macun dolgunun yeralt1 bosluguna
nakliyesi (Yilmaz, 2003)
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Macun dolgu malzemesi pratikte 7.0-8.5
ing slampta yer altina basilmaktadir. Ancak
dolgu malzemesinin yer alti bosluklarina 6-
10 ing slampta basilabilecegi belirtilmektedir
(Er¢ikdi  vd., 2012). Macun dolgu
malzemesinin kivamu, yeraltinda
yerlestirilecegi bosluga nakliyati agisindan
biiyiik 6neme sahiptir.

Macun dolguda 20 pm alti malzeme
miktari, dolgu malzemesinin su tutma
yetenegi acisindan onemlidir. Macun dolgu
malzemesi, kuru agirlikca en az %15
oraninda 20 um alt1 ince tane igerdiginden
kolloidal bir yapiya sahiptir (Brackebusch,
1994). Boylelikle; dolgu malzemesinin
kivamin1 bir miiddet korumasi ve boru
sistemi ile yer altina kolay bir sekilde
taginmasi miimkiin olmaktadir.

1.2 Baglayic1 Iceren Malzemelerde
Islenebilirlik Testi
Cimento igeren taze beton, har¢ vb.

malzemelerin 6zellikleri; karisim anindan en
son yerlestirilecegi yere kadarki zaman
araliginda malzemelerin kivamu,
akiskanliklari, taginabilirlikleri,
pompalanabilirlikleri,  sikistirilabilirlikleri,
yerlestirilebilirlikleri gibi ozellikler
belirlenir. Bu 6zellikler, baglayici igeren taze
malzemelerin islenmesinde ekipman se¢imi
ve konsolidasyon gibi ozellikleri
etkilediginden biiylikk Onem arz eder.
Islenebilirlik ise taze beton gibi malzemelere
yonelik yukarida sayilan biitiin parametreleri
yaklasik olarak temsil eden bir kavram

1T

a

olmakla birlikte herhangi bir segregasyona
izin vermeden beton vb. malzemelerin yerine
yerlestirilmesi ve sikistirilmasina  kadar
gerekli islerin bitiinii olarak belirtilebilir.
Islenebilirlik olgiimlerine yonelik Onerilen
en yaygin test yontemleri i) slamp testi ii)
vebe testi 7ii) kompaksiyon testi ve iv) akis
testi seklinde siralanabilir (Shi vd., 2006).

Baglayic1 igeren taze har¢ ve beton
malzemelerinde islenebilirlik  6zellikleri
pratikte genel olarak slamp testleri ile
Olgiilmektedir. Macun dolguda da taze dolgu
malzemesinin  baslangic slamp seviyesi
Olciilmektedir. Malzemenin slampi su ile
ayarlandigindan, fazla  su  kivamin
azalmasina neden olurken, diger taraftan
dolgunun kolloidal yapisindan dolay1 su
tutmast nedeniyle bosluk miktari
artmaktadir. Dolayisiyla macun dolguda kisa
ve uzun donemde dayanim problemleri
meydana gelmektedir. Bu yiizden macun
dolguda kivamin optimum seviyede olmasi
istenmektedir.

Slamp 6l¢iimiinde standart kesik koninin
(12 ing yiikseklige sahip) icine taze dolgu
malzemesi 3 kademede hava alma ve
sikilama islemleri ile doldurulur. Daha sonra
kesik koninin iist yiizeyi diizeltilir. Koni iki
tarafindaki tutma kulplarindan tutularak
yukart dogru sabit ve kontrollii bir sekilde
cekilir. Bdylece kesik koninin igindeki
malzemenin serbest birakilarak diisiiriilmesi
saglanir. Malzemenin baslangi¢ seviyesinden
olan diisme seviyesi Olciilerek macun dolgu
malzemesinin slamp1 bulunur (Sekil 2).

Sekil 2. Macun dolgu kivaminin slamp testi ile 6l¢iilmesi
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2 DENEYSEL CALISMALAR

Bu c¢alismada; bir maden isletmesine ait
stlfiir igerigi yliksek normal atik ve bu
atiktan hidrosiklon ile ince malzemenin bir
kisminin uzaklastirilmasiyla elde edilen atik
olmak tizere iki farkli atik kullanilmistir. Bu
atiklardan aktiflestirilmis yiiksek firmn ciirufu
iceren jeoplimerler ve normal Portland
¢imentosu kullanilarak hazirlanan taze
macun dolgu numunelerinde, atik ve
baglayict o6zelliklerinin dolgu malzemesinin
dayanim ve reolojik ozelliklerine etkileri
arastirilmigtir. Bu amagla hazirlanan macun
dolgu numunelerinin macun  dolguda
kullanilabilirliklerine yonelik esik siire olan
28 giinliik kiir siiresinde dayanimlar1 ve ilk
iki saatlik siiredeki iglenebilirlik 6zellikleri
arastirilmugtir.

Deneysel c¢aligmalarda kullanilan atik
malzemeler Rize’nin Cayeli ilgesinde
Madenkdy’de  bulunan  Cayeli  Bakir
Isletmeleri’nden temin edilmistir. Baglayici
olarak bir c¢imento fabrikasindan normal
Portland ¢imentosu temin edilmistir. Ayrica
jeopolimer baglayicilar igin bir demir g¢elik
fabrikasindan yiiksek firin cilirufu temin
edilmigtir.  Yiksek  firin  ciirufunun
aktiflestirilmesinde kullanilmak iizere sivi

sodyum silikat (LSS-Na,0-2Si0,) ve
graniile sodyum hidroksit (NaOH) olmak
iizere iki farkli aktivator temin edilmistir.

2.1 Malzemelerin Karakterizasyonu

2.1.1 Atk Malzeme

Deneysel caligmalarda kullanilan  atik
malzeme flotasyon iglemine tutulmus bakir
cevherinin zenginlestirildigi cevher
zenginlestirme tesisinin disk filtre ¢ikisindan
almmigtir. Atik malzemelerin tane boyu
dagilimi analizleri, Malvern Mastersizer
Hydro 2000 MU marka tane boyu dagilimi
Olciim cihazi ile gerceklestirilmistir.

Sekil 3’te normal atik ve slamu
uzaklastirilmis atik icin 20 pm alti malzeme
miktarmin agirlikca sirasiyla %50.99 ve
%16.01oldugu goriilmektedir. Buna gore
normal atik orta boyutlu atik sinifina
girerken, slami uzaklastirilmis atik iri
boyutlu atik smifina girmistir (Landriault,
2001;  Kesimal vd., 2010). Atk
malzemelerin macun dolguda
kullanilabilmesi i¢in 20 mikron alt1 ince
malzeme miktart minimum %15 olmasi
gerektigi goz Oniline alindiginda, her iki
atigin da macun dolguda kullanilabilecegi
goriilmektedir.

100 [[-*—Noral Alik FoF Slajnj Afilmus Atfk]] |
N o
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ﬁ 60 7
m
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Sekil 3. Atik malzemelerin tane boyut dagilimlari

Atik malzemelerin iiniformluk katsayilari
(Cy) ve egrilik katsayilart (C.) gdz Oniine
alindiginda atik malzemelerin her ikisinin de

iyl bir tane boyut dagilimima sahip olduklari
sOylenebilir. ~ Bununla  birlikte, slam
uzaklastirma ile elde edilen atigin daha iyi
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bir graniilometriye sahip oldugu soylenebilir
(Landriault, 2001). Atik malzemelerin 6zgiil
agirliklart (Gg) 100 ml’lik piknometreler
kullanilarak ASTM C 128-97 (2002)
standartlarina gore elde edilmistir. Atik
malzemelerin ~ G6zgiil  yiizey  alanlan
degerlendirildiginde  slam  uzaklagtirma
islemi sonucunda 20 mikron alti malzeme
miktarlarma bagl olarak yiizey alanlariin
baglangic degerine gore %47 oraninda
azaldig1 goriilmektedir (Cizelge 1).

Dolgu malzemesinin  yeralt1 {iretim
bosluklarina nakliyesi esnasinda kivamini
korumasi ve arzu edilen akigkanliga sahip
olabilmesi i¢in beli oranda suyu biinyesinde
tutmasi gerekmektedir. Macun dolguda su
tutmay1 saglayacak kolloidal yap1 icin atik
malzemedeki 20 um alt1 malzeme miktarinin
agirlikca en az %15 olmasi gerekmektedir.

-O-Normal Attk - Slami1 Atilmig Atik I

25 I I I I I \)/\

L o111 *

Su birakma (Toplam Biinye suyu
%osi)
&

Slam Atilmis
Ank

Malzemenin kolloidal ozelliklerini
belirlemek i¢in standart slamp koni testi ve
su tutma-birakma testleri kullanilmaktadir.
Atiklarin reolojik ozelliklerinin
belirlenmesine yonelik oncelikle ASTM C
143’e gore beton standart kesik koni test
aleti ile 7.5 inch slampta g¢imentosuz
numuneler hazirlanmigtir. Daha sonra bu
numunelerden Dbelirli miktarda numune
almarak 6 saat boyunca numuneden ayrilan
su miktarlart toplanarak bagslangigtaki su
miktarina oranlanmigtir. Reolojik testlerde
normal atiklarin su tutma kapasitelerinin
slam malzemesi uzaklastirilmis atiklara
kiyasla yaklagik 12 kat daha yiiksek oldugu
goriilmiistiir. Sekil 4’te slam malzemesi
uzaklastirilan atiklarda 6 saat sonunda daha
fazla oranda oturma gerceklestigi
goriilmektedir.

MNormal Ahk

0.0051.01.52.0253.0354.04.55.0556.06.5
Zaman (saat)

e

Sekil 4. Atik malzemelerin su tutma-birakma kapasiteleri

Atik malzemelerin kimyasal analizleri
Kanada’da ~ACME  kimyasal analiz
laboratuvarlarinda gergeklestirilmistir. Atik
malzemenin kimyasal analizlerinden S~
(Sulfid Kiikiirdii) igeriklerinin  oldukga
yiiksek oldugu goriilmektedir. Ayrica SiO, +
AlLO;  igerikleri bakimindan slam
uzaklastirilan atigin yaklasik %30 oraninda
daha az kil mineralleri icerdigi goriilmiistiir.
Slam uzaklastirma islemi sonucunda elde
edilen atigmn pirit iceriginin baglangica goére
yaklasik %13 oraninda arttig1 goriilmektedir.
Atik malzemelerin bazi kimyasal ve fiziksel
Ozellikleri asagida Cizelge 1’de verilmistir.
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2.1.2 Baglayict Malzemeler

Bu c¢alismada, kontrol amagli olarak macun
dolgu  malzemelerinin  hazirlanmasinda
normal Portland ¢imentosu kullanilmistir.
Normal ¢imentoya alternatif baglayici olarak
kullanilan yiiksek firm ciirufu Kardemir
demir ¢elik fabrikasindan temin edilmistir.
Baglayict  maddelerin  kimyasal ve
mineralojik analizleri Cizelge 2’de ve
fiziksel ozellikleri Cizelge 3’te verilmistir.
Cizelge 2’den normal Portland
¢imentosunun CaO yiizdesinin ¢ok yiiksek
oldugu (%65,0) ve dolayisiyla siilfiir igerigi
yikksek atiklardan hazirlanacak macun
dolguda asit ve siilfat etkilerine karst
dayaniksiz olabilecegi sdylenebilir.
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Cizelge 1. Atik malzemelerin baz fiziksel ve kimyasal 6zellikleri

Kimyasal bilesim Normal Atik (%) Slamu1 Uzaklagtirilmig Atik (%)
Si0, 13.16 10.43
Al O, 4.81 2.46
Fe,0; 48.41 53.93
MgO 1.13 0.91
CaO 1.83 1.28
Na,O 0.19 0.18
K,O 0.64 0.23
TiO, 0.08 0.07
P,0s 0.02 0.02
MnO 0.06 0.05
Cr,0; 0.01 <0.01
BaSO, 2.54 2.02
Kizdirma kayb1 26.9 28.2
Siilfiir igerigi (S™) 374 4223
Pirit icerigi (FeS,) 70.13 79.19
Fiziksel ozellikler

Ozgiil agirhik 4.09 4.32
Ozgiil yiizey alan1 (cm’/g) 3662 1956
Egrilik cap1 (C,) 0.96 1.08
Uniformluk katsayis1 (Cy) 13.33 3.62

Cizelge 2. Baglayict maddelerin kimyasal ve mineralojik 6zellikleri

Kimyasal Normal Portland Cimentosu (%)  Yiiksek Firin Ciirufu (%)
SiO, 21.88 39,75
Al,Os 4.74 10,91
Fe,0; 2.90 0,80
CaO 65.00 38,02
MgO 1.40 5,92
TiO, 0.19 0,51
Cr,0; 0.01 0,01
Na,O 0.39 0,32
K,O 0.75 1,19
MnO 0.12 1,54
P,05 0.06 <0.01
Serbest Kireg 1.04 -
Kizdirma 2.5 0,20
SO; 2.67 1,62
Reaktif SiO, - 39,1
Baziklik - 1,03
Mineralojik o
bilesim (%)

(O 50,42
C,S 27,76
GA 7,66
C,AF 8,83
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Cizelge 3. Baglayict maddelerin fiziksel 6zellikleri

Fiziksel Ozellikler Normal Portland Cimentosu Yiiksek Firin Ciirufu
Ozgiil agirhk 3,07 2,89

Ozgiil yiizey (cm®/g) 4120 4600

45 um elek bakiyesi (%) 2,17 4,15

32 um elek bakiyesi (%) 7,48 9,6

Baglayict malzemelerin 6zgiil agirhiklar:
(Gs) 100 ml’lik piknometreler kullanilarak
ASTM C 128-97 (2002) standartlarina gore
elde edilmistir. Malzemelerin &zgiil yiizey

alanlar1 ise blain (incelik) testleri ile
belirlenmistir. ~ Baglayic1i  malzemelerin
kimyasal analizleri de Kanada’da bulunan
ACME laboratuvarlarinda
gergeklestirilmistir.

Yiksek firin cliruflarinin
aktiflestirilmesinde ~ modiil oram1 2.0

(agirlikg¢a Si0,/Na,O orani; Mg=Si0,/Na,0)
olan sivi sodyum silikat (LSS: Na,0.2Si0,)
ve %99,5 saflikta graniile sodyum hidroksit
(NaOH) kullanilmugtir. LSS, Ege
Kimyasallar1 Ltd. Sti.’den ve NaOH, Merck
Kimyasallari’ndan temin edilmistir.
Aktiflestirme ¢alismalarinda modiil orani
NaOH kullanilarak yapilmistir. Deneysel
calismalarda NaOH graniilleri 6nce suda
¢0Oziilmiis, daha sonra atik malzeme, yiiksek
firin  ciirufu ve sudan olusan karisim
ortamina ilave edilmistir.

2.2 Macun
Hazirlanmasi

Dolgu Malzemelerinin

Macun dolgu malzemeleri, tesis atiklari,
karigim suyu, aktivatorler ve baglayici
malzemelerin, 20,8 litre kapasiteli bir
mikserde (Univex SRMF20 Stand Model)
karigtirilarak homojenlestirilmesiyle
hazirlanmigtir.  Karigtirma — iglemi 105
devir/dk’lik donme hizinda 7 dakika siireyle
yapilmistir. Macun dolgu malzemelerinin
baglangic slamplar1 yaklagik 7.5 in¢ (190
mm) slamp olarak hazirlanmustir.

Macun dolgu numuneleri %6.5 baglayici
oraninda hazirlanmistir. Baglayici orani,
dolgu dizayninda toplam kati miktarinin
(baglayicitatik) agirlikca %’sidir.
Jeopolimer baglayicilarda baglayici faz (her
bir farkli dizayn i¢in kullanilan malzemeleri
kapsayacak sekilde); ciiruf, sodyum silikatin
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bilesenleri olan sodyum oksit (Na,O) ve
silisyum dioksit (SiO,) ile sodyum hidroksit
kombinasyonlarindan olugmaktadir. Normal
Portland ¢imento igin baglayici faz ise,
belirli bir dizayn i¢in dolgu biinyesindeki
toplam katinin agirhikca %’sidir. Dolgu
dizaynlarinda  jeopolimer ve  Normal
Portland ¢imento baglayici fazlar1 agirlikga
esittir (Cihangir, 2011). iki farkli atik igin
macun dolgu malzemeleri normal Portland

cimentosu, S1V1 sodyum
silikat+NaOH+yiiksek ~ firm  clirufu  ve
NaOH+yiiksek firin cilirufu olmak iizere tiger
farkli dizaynda hazirlanmigtir.  Normal
Portland ¢imento igeren macun dolgu
malzemeleri ~ kontrol  amagh olarak
kullantlmugtir.

2.3 Dayanim Testleri

6 farkli Dbilesime ait macun dolgu

malzemelerinden 10 cm x 20 cm
boyutlarinda {iger adet dolgu numunesi
hazirlanmustir. Numunelerin dayanim
testleri, 28 giinlik kiir siliresi sonunda,
yiikleme kapasitesi 50 kN olan bilgisayar
kontrollii tek eksenli basing ve deformasyon
6lger tinitesinde 0.5 mm/dk yiikleme hizinda
ASTM C 39 standardina uygun olarak
gerceklestirilmistir. Elde edilen tek eksenli
basing dayanimlarinin ortalamalar1 alinarak
her numune grubunun ortalama dayanimi
hesaplanmustir. Atik ve baglayici
malzemelerin kombinasyonlarindan olusan
macun dolgu numunelerinin dolgu olarak
kullanilabilirliklerine yonelik esik deger
olarak 1.0 MPa’lik dayanim degeri esas
alimmustir (Cihangir, 2011).
2.4 islenebilirlik Testleri

Hazirlanan 6 farkli bilesime ait macun
dolgu malzemelerinin 0-30-60-90 ve 120.

dakikalarda ayr1 ayri slamplari alinmigtir.
Her malzeme, slamp Ol¢liimi alindiktan
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hemen sonra tekrar ilgili
siirelerine  kadar  mikserde
iglemine tabi tutulmustur.

slamp alma
karistirma

3 BULGULAR VE iRDELEME

Jeopolimer baglayicilar ve normal Portland
c¢imentosu ile hazirlanan macun dolgu
numunelerinin dayanim sonuglart Sekil 5°te
verilmistir. Jeopolimer baglayicilarla
hazirlanan numuneler her iki atik tliriinde de
28 giinliik kiir siiresi sonunda 1 MPa’lik esik

dayanim degerini saglamistir. Normal
Portland ¢imentosu ile sadece slamu
uzaklastirilmig  atiktan hazirlanan  macun
dolgu numunelerinin esik dayanim degerini
sagladig1 goriilmiistiir. Iri boyutlu atiklarin
kullanilmas1 durumunda, normal atiklardan
hazirlanan dolgu numunelerine kiyasla daha
yiikksek dayanim degerlerinin elde edildigi
belirtilmektedir (Kesimal vd., 2003; Fall vd.,
2005; Ercikd1 vd., 2013).

35
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1 4
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Tek Eksenli Basing Dayanimi (MPa)

Sekil 5. Macun dolgu malzemelerinin dayanim seviyeleri

Normal atik, normal Portland ¢imento ve
jeopolimer baglayicilar ile hazirlanan taze
macun dolgu malzemelerinin ilk iki saat
boyunca slamp seviyeleri ise Sekil 6’da
verilmistir.

Normal atik ile ¢imento kullanilarak
hazirlanan macun dolgu malzemelerinde
zamana bagli olarak c¢ok az (%1.3)
iglenebilirlik kaybi oldugu goriilmiistiir.
Fakat bu islenebilirlik kaybinin macun
dolgunun tagiabilirlik Ozelligini
etkilemeyecegi goriilmektedir.

Jeopolimer baglayicilar ile hazirlanan
macun dolgu malzemelerinde ise herhangi
bir islenebilirlik kaybinin yasanmadigi,
aksine islenebilirliklerinde bir artma oldugu
goriilmektedir. LSS-yiiksek firin  ciirufu
kullanilarak hazirlanan malzemelerin 2 saat
sonundaki slamp seviyesi yaklagik 229 mm
9.0 ing) olmustur. Dolayisiyla
jeopolimerlerin macun dolguda baglayici
olarak kullanilmasi durumunda macun dolgu
malzemelerinin taginmasi ve yeraltindaki
iretim bosluklarina yerlesmelerinin normal
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¢imentoya gore biraz daha kolay olabilecegi
sOylenebilir. Asagida Sekil 7°de LSS-ciiruf

iceren macun dolgu malzemesinin 0-2 saat
arasindaki slamp seviyeleri goriilmektedir.

230
—+—Normal Attk-CEM T 42.5R
220 —a— Normal Atik -NaOH-Ciiruf
—&—Normal Atik-L SS-Ciiruf
E 210 -
&
g 200 |
[+~
7]
190 * * -
180 - : : :
0 30 60 90 120
Zaman(dk)

Sekil 6. Normal atiktan hazirlanan macun dolgu malzemelerinin slamp seviyeleri

| Baslangic

.I

4 Y -
.""'.l-- \ A& )

A |

Ul 1 saat sonra

Sekil 7. LSS-ciiruf ile hazirlanan macun dolgu malzemesinin 0-2 saatlik kivamlari

Slami uzaklastirilmis atik ile hazirlanan

macun  dolgu  malzemelerinin  slamp
seviyeleri ise Sekil 8’de Ozetlenmistir.
Normal atikla hazirlanan macun dolgu

malzemesinin kivamina benzer sekilde, slam
malzemesi uzaklastirilmig atiktan hazirlanan
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macun dolgu malzemelerinde de benzer
kivam Ozellikleri elde edilmistir. Normal
Portland ¢imentosu ile hazirlanan macun
dolgu numunelerinin islenebilirliklerinde
baslangica gore yaklasik %6’lik (slamp 7.5
ing’ten 7.05 ing\17.91 mm’ye diisme) bir
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kayip olmustur. Ancak bu durumun, benzer

malzemelerinin ~ nakliyesinde

olusturmayacagi diisiiniilmektedir.

problem

ozelliklere sahip macun dolgu
240
—e—Slam1 Atilmis Auk-CEM 1 42.5R
230 | —m—Slam1 Atllmis Atik-NaOH-Ciiruf
—i— Slam1 Atilmis Atik-1SS-Ciruf
220
£
£ 210
5
5 200
%!
190
180
170
0 30 60 90 120
Zaman(dk)

Sekil 8. Slami uzaklastirilmis atiktan hazirlanan dolgu malzemelerinin slamp seviyeleri

Aktiflestirilmis yiikksek firm ciirufu +
NaOH ile hazirlanan numunelerin ilk 60
dakika boyunca kivami azalmis, bu siireden
sonra ise artmustir. Ancak, iki saat sonundaki
slamp seviyesi baslangi¢ slamp seviyesinin
tizerindedir. LSS-ciiruf i¢ceren malzeme ise
en disik kivama yani en yiksek
iglenebilirlik 6zelligine sahiptir.

Cihangir 2011, aktiflestirilmis yiliksek
firin ciirufu igeren baglayicilarda hidratasyon
esnasinda, ¢imentodan farkli olarak, ciiruf
taneciklerinin baslangicta ¢Oziinerek
oncelikle jelimsi bir yapi olustugunu, asil
sertlesme isleminin ise ¢Ozinme islemi
tamamlandiktan sonra basladigini
belirtmistir. Macun dolguda ¢imento ve
jeopolimer baglayicilarin islenebilirliklerinin
normal taze beton/harg malzemesi
orneklerine gore farkl davranig
sergilemesinin; i) macun dolguda
su/baglayict  oranmnin  normal  beton
orneklerine gore daha yiiksek olmasi; i)
suyun macun dolgu biinyesinde ¢ok uzun
stireler boyunca tutulmasi ve iii) jeopolimer
baglayicilarin sulu ortamlarda (macun dolgu
i¢in) farkli hidratasyon mekanizmasina sahip
olmasindan kaynaklanabilecegi
diistiniilmektedir.

Beton  Orneklerinde aynm1  kimyasal
aktivatorlerle (LSS, NaOH) hazirlanan taze
beton/har¢ numunelerinden, macun dolguda
elde edilen sonuglara zit sonuglar elde
edilmistir (Collins ve Sanjayan, 1999; Atis
vd., 2009). Belirtilen g¢aligmalarda LSS ve
NaOH igeren jeopolimer ¢imentolarla
hazirlanan taze beton 6rneklerinde ilk 1 saat
icerisinde Onemli derecede islenebilirlik
kayiplari (slamp kaybi) goriilmiistiir.

Islenebilirlik degerlerinin beton ve macun
dolgu sistemlerinde farkl ozellik
sergilemesinin, bu iki sistemin birbirinden
farklt olmasindan ve sistemlerin farkli
calismasindan kaynaklandigi sOylenebilir
(Benzaazoua vd., 2004).

4 SONUCLAR

Bu calismada normal ve slam
uzaklastirilmig atik ile hazirlanan macun
dolgu malzemelerinde baglayict olarak
kullanilan normal Portland ¢imento ve
jeopolimer  baglayicilarin  dayanim  ve
islenebilirlik 6zellikleri arastirilmustir.

Bu atiklardan normal Portland ¢imentosu
kullanilarak ~ hazirlanan  macun  dolgu
malzemelerinde zamana bagli olarak diigiik
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oranlarda
gorilmiistiir.

Jeopolimer baglayicilar ile hazirlanan
macun dolgu malzemelerinde ise
islenebilirlik kayb1 goriilmemis, aksine
jeopolimer baglayicilarin  macun  dolgu
malzemelerinin islenebilirliklerini ilk
saatlerde artirdig1 goriilmistiir. Sivi sodyum
silikat ile hazirlanan macun dolgu
malzemelerinin  NaOH ile hazirlanan
malzemelerin islenebilirliklerinden daha iyi
oldugu goriilmistiir.

Jeopolimer baglayicilar ile hazirlanan
macun dolgu malzemelerinin
islenebilirliklerinin ~ artmasinin, bu  tiir
baglayicilarda baslangicta hemen
hidratasyonun ger¢eklesmemesi, baglayici
ciiruf tanelerinin baslangigta ¢oziinerek

(%1-6) islenebilirlik  kaybi

matrix icerisinde jelimsi yapiya
doniismesinden kaynaklandig1
diistiniilmektedir.
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ABSTRACT The environmental monitoring and geotechnical control plan is a tool for
ensuring compliance with the requirements and corrective and protective measures that were
established in the proposed operation of the mine.

The environmental monitoring program has control functions. It is a data source, mainly
empirical, because it can assess how correct are the predictions made in the Environmental
Impact Assessment (EIA). From this information, it is also possible to detect unforeseen
changes in the Environmental Impact Study, which should be properly corrected by corrective
measures. Thus, the environmental monitoring program is a source for feedback on the results
of the EIA.

The geotechnical monitoring program allows the operators to measure surface and depth of
deformation of slopes and their evolution.

Therefore, the most important aspect of a monitoring plan is the interpretation of the
collected information in order to determine the need of modifying the initial objectives that
were established in the project.

1. INTRODUCTION

The Monitoring Plan is to update and revise
all elements that provide information about
the stability of the areas affected by mining
structures (like mines, dumps, etc.), (Fig. 1)
and to check the efficiency of mining
operations in the short and long term,
through the foreknowledge of the stability
conditions, the continuous updating of the
design and, where appropriate, the
implementation of preventive and corrective
measures.

Figure 1: Landslide in collapse produed in
mine
1.1. Objectives

The objectives of the Monitoring Plan are:

- To carry out a Geotechnical control,
which includes both field work and
laboratory testing.
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- To Review the instrumentation and
auscultation (stress and strain control)
working at the present moment.

- To developed an integrated data
management: Data Storage of
auscultation in software for quick
viewing.

- To Update the Emergency Plan design
based on acquired experience.

1.2. Parameters to Control
The proposed plan allows continuous
monitoring of the following operations:
- Geological mapping, lithology, structure
and geotechnical excavation progress.

- Measurement of the properties of
materials in situ, if necessary.

- Measurement of surface and deep of
deformation of slopes and their evolution.

- Evaluation of surface weathering and
collapse, either through specific tests or
by visual monitoring of their evolution
over time.

- Monitoring of the development of pore
pressures and total pressures.

1.3. Reading Systems

Monitoring of constructive activities is
performed by combining various methods
integrated into a comprehensive system of
data collection, analysis and corrective
decision. Generally, are used simple methods
of observation and manual measurement and
automatic reading systems, combined with a
process of data analysis and decision making
in real time.

The monitoring system implemented
ultimately depends most on the initial
monitoring results.
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2. OBTAINING DATA IN A MINE

Records of the slopes of the banks will be
done, in order to collect the following
information:

- Geometry and progress of the
excavation: geometric control of the
excavation will alert on possible

deviations of the project design, both
caused by the needs of the excavation
itself or due to local instabilities.

- Geotechnical control of a bank slope: in
order to take proper control over
auscultation and recognize the progress of
the open-cut mining, geological record
will be made of the new excavated fronts,
including the observed incidents.

- Evaluation of the observed instabilities:
type definition of detected instabilities
and, in case of observed failures, it will be
given a rough estimate of the volume
moved.

- Photo-interpretation of bank slope: It
will be made from digital photographs of
slope. It will allow identify areas with
different geo-mechanical behavior. On
the slopes excavated in rock will be
proceed the execution of geo-mechanical
stations, geo-technically classifying the
ground through RMR of Bieniawski and
conducting a survey of  the
discontinuities, obtaining the necessary
data for its characterization following the
methodology of Barton-Bandis.

- Mapping or survey of the bank slope:
with all available data from the ground
reconnaissance and photographic study
will be made an analysis of the
excavation front which will reflect at
least, the following geotechnical data:
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+ Lithology and structure of affected
formations.
Tectonic features detected or suspected.
Levels of alteration of the rock surface.
Structural discontinuities. They include
the features of each familyes, like dip
slope and dip slope direction, spacing,
continuity, openness, roughness,
presence of water and filler (type and
thickness). In addition, each of the
families will be represented by
stereographic projection.

e+ Areas of soil with a symbol that
indicates the type and thickness.

Also be carried out the following activities:

- Inventory of water points: all the water

points that appear will be catalogued with
the open-cut mining.
- Control of fissures and cracks: a file is
made of all those cracks and crevices
(Fig. 2) that may arise during the course
of the operation, both within the interior
of the open-cut mining and in the
perimeter of influence (at least 100 m
width from coronation).

3. AUSCULTATION

The following sections describe the plan of a
mining auscultation.

3.1. Monitor parameters

During the excavation of the mine is
necessary to perform the following
parameters:

- Environmental parameters.
- Deformations by mean of topographic
control, inclinometers and extensometers.

- Changes in pore pressure using
piezometers.
- Variations in the total pressure

determined by a pressure cells.

Figure 2: Cracks of decompression in header
of slope mining

3.1.1. Environmental monitoring

It includes analysis of the evolution of
atmospheric factors such, as temperature,
humidity, atmospheric pressure, solar
radiation and rainfall.

As for the tailings leachates, it is necessary
including control the following parameters:
flow, pH, conductivity and dissolved solids.

This control will be carried out to verify
the existence of leachate through the berm
barrier.

3.1.2. Topographic control

3.1.2.1. Topographic milestones

To know the movements generated in aun
open-cut mine, as a result of the excavation,
and in the dumps, as a result of pouring, are
placed on the ground surface topographic
milestones so that it is always possible to
measure and ensure as far as possible it is not
affected by the development of the
excavation or pouring.

3.1.2.2. Topographic prisms

In order to obtain real-time moving all
topographic prisms installed in an open-cut
mine, will be monitored by means a total
station.
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Except in cases when the device has to be
replaced for maintenance, or in moments
when there are variations in the coordinates
of the guidance bases and, therefore,
variation in the coordinates of the measured
points, the displacement calculation of the
prisms of the edges of the ramp slope and of
the open-cut mine access will be made with a
period of 15 days regression, taking the
mean value of each point for each day.

3.1.2.3. Inclinometers

The biaxial inclinometers are instruments for
determining angular displacements of a
drilling, by using a torpedo which is slid
inside a special casing (inclinometer's pipe).

3.1.2.4. Extensometer

The extensometer probe consists of a steel
pipe and is equipped with an inductive type
transducer at each of its ends and of a
centering device.

However, is considered of great
importance to maintain the extensometers
projected for the control of the future areas
of interaction between different mining
works.

3.1.3. Piezometers and total pressure cells

To control the interstitial and total
pressure are used piezometers in the mine
(Fig. 3), and piezometers and total pressure
cells in the dumps.

In the installation of the pressure cells,
particular attention must be paid to obtain the
greatest possible horizontal, in order to
detect the maximum land pressure on the cell
and no smaller (variable depending on the
inclination of the sensor of the maximum
vertical pressure).
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Figure 3: Drainage control by piezometers

3.2. Data collection

3.2.1. Verification of the correct operation
of the sensors and the frequency

All devices of auscultation must be installed

with sufficient time, to enable the initial

reading which will be used as a reference to

the successive.

Auscultation elements which, for whatever
reason, are eliminated must be replaced as
soon as possible, in the case that there is no
close range instrumentation that can provide
the same information.

As for the frequency of reads and based on
the gained experience, it follows:

- To establish a reliable zero reading of the
new sensors installed, will be done two
readings in the first week.

- The frequency of readings will be weekly,
during the first quarter, although this may
be reduced if the newly installed sensors
are not in active work areas and / or
should be given the priority to measure to
other sensors in justified cases, except in
monthly sensors.

- After the first quarter, the frequency of
readings will be fortnightly for the next
six months, after which the frequency will
be monthly. As in the previous case, the
frequency may be reduced if the newly
installed sensors are not in active work
areas and/or should be given the priority
to measure to other sensors in justified
cases, except in monthly sensors.

- The sensor installed as replacement of an
existing and located approximately in the
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same position as his predecessor won’t be
considered as new one. Thus, the
frequency of current in the sensor
readings will remain inoperative sensor
replacement in its place, although it will
be necessary to establish a reliable zero
reading by two readings within one week
from the sensor installation. Those
sensors that were already in the monthly
reading schedule for the next step in
sensor replacement, after the two zero
readings taken in the first week will be
made within a period not exceeding two
weeks from installation.

The frequency of the established readings
will be fulfilled as long as the operating
conditions, safety and/or weather allow it, in
a way that is considered acceptable omission
of a reading within each level-up, except
monthly sensors.

However, this reading should be performed
once when normal functions, safety or
weather is recovered.

3.2.2. Data representation

As already mentioned, each control point
will be an initial reading that serves as a
reference for all the other readings. Each
team will be calibrated to ensure proper
operation.

In the tab of each sensor calibration,
appear conversion factors needed to convert
the units in which the readings are made in
the units of measurement for each case.

3.2.2.1. Environmental parameters

Data about atmospheric factors: temperature
(°C), humidity (% RH), atmospheric pressure
(mb), solar radiation (W/m2) and rain (I/m2)
may be taken weekly and/or monthly. Its

results are reflected in tables containing the
maximum, minimum and mean and/or
graphs showing their evolution over time.

3.2.2.2. Topographic control
3.2.2.2.1. Topographic milestones

Given the limited accuracy of topographic
landmarks to the correct interpretation of the
speeds provided by these, check that the
tendency of displacement is consistent with
the kinematics of the movement. In turn, the
interpretation of the velocity values will
biweekly or monthly basis and always be
contrasted with the velocity values given by
the inclinometers which are in the same area.

From every auscultation point are presented
graphs showing the direction of displacement
and the average speed of the last recorded
readings.

3.2.2.2.2. Topographic prisms

In each one of the points is performed the
initial reading as the baseline for successive
readings.

In each of the graphs shown in the
ordinate, the displacement value of each of
the points expressed in meters, and in the
abscissa, the time expressed in days.

For each month graphs are obtained for
the monitoring carried out during that period,
so that the reflected displacements are not
accumulated from the previous month, but
reflect only the displacements produced
during that time interval.

Furthermore, Figure 4 shows the
displacement vector of each of the prisms.
This will check the displacement points
whose trend is consistent with the kinematics
of the movement and the magnitude of its
displacement in meters.
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Figure 4: Resultant displacement vector

3.2.2.2.3. Inclinometers

The data can be represented by the type of
graph shown in Figure 5.

The graph of cumulative displacements,

because the horizontal scale is exaggerated
relative to the vertical, it is very easy to
detect the displacements that occur in the
cutting or breakage plans.
However, if the cutting plane does not exist
and the graph shows an overall inclination or
distributed tension, then the interpretation is
more complicated. In some cases, the
accumulated systematic error may be
responsible for the inclinations recorded on
the graph.
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To avoid the systematic error, are performed
graphics of relative displacements, wherein
each displacement register is subtracted from
the previous one, so that each peak that
appears in the graph represents a significant
movement.

The graphs of displacement can be
disordered and difficult to analyze when
including a data set too large. Therefore it is
better to include in each graphic small size
data set.
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3.2.2.2.4. Extensometers

The measurement results are represented on
a graph that reflects the vertical movements
(settlements or swelling) occurring in areas
under control.

Occasionally, the graphs present anomaly
displacement in certain bases, in case that
these anomalies are stabilized returning to its
initial position. The following readings are
considered that this phenomenon
corresponds to a systematic error, usually
caused by the operator.

In Figure 6 shows an example of graphs
of the evolution of the horizontal movements
in function of time and depth.

If the supposed movement detected in
some of the bases does not stabilize, the
frequency of the measures in the depths
corresponding to these bases will be
increased. Furthermore, the behavior of the
bases adjacent will be observed to verify that
they also present a similar trend. Thus,
corroborate that a true vertical movement in
the auscultation zone is being detected.

3.2.2.2.5. Piezometers and total pressure
cells

As mentioned above, for controlling the pore
pressures or interstitial and total pressures in
the open-cut mining currently are used
piezometers. In the dumps are used
piezometers and total pressure cells. The
measurement results are shown in graphs that
display the evolution of pressure versus time.

4. PREDICTIVE MODEL AND
EMERGENCY LEVELS

The predictive model is based on the
models, so that the criterion for assigning
values to the various emergency levels has
been based on the various analysis of
sensitivity of model calculations.

Because of the many uncertainties and
local variations of geo-mechanical model
parameters should be considered convenient
to increase at about 10% of deformations
values obtained in the calculation model to
establish normal deformations values, which
will position us on the side of safety.
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4.1. Emergency Levels

Once made manifest the existence of
predictive models of the behavior of the
mine slopes should be given particular
attention to forecast what will be the
deformations, their speeds and the evolution
of pore pressure within the natural terrain of
these slopes.

Since the parameters of pore pressure and
deformation are easier to monitor, reliably
with the instrumentation on the market and
in order to evaluate the behavior of the
slopes in the open-cut mining, it is proposed
monitoring and control of:

¢ Deformations. It has been considered
more reliable the speed of deformation
than the deformation itself, since the
prediction is simpler and provides more
information about the state of stability of
the slope and of the proximity of the
fracture.

& Pore pressure. In connection with the
pumping of water and with consequent

dissipation and the ground
decompression generated after
excavation.

According to the impact of excessive
deformation speed and / or an increase in
pore pressure involving the stability of the
slopes of the open-cut mining, these
increases have been tabulated in three
segments. First one involves no stability
problems. Second one compromises the
long-term stability of the mine and a final
compromises the stability of the slopes.

Therefore, for dynamic monitoring of the
evolution of the mine slopes are proposed
(based on the gained experience) the three
emergency levels, defined below:

& Attention level: the speed range of the
deformation is greater than 1 mm / day
and pore pressure deviations occur
between 10 to 15% over the forecast.

& Alert level: the speed range of
deformations is greater than 3 mm / day
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and deviations occur between 15 to 25%
for the estimated pore pressure.

& Alarm level: the speed range of the
deformation is greater than 1 cm / day
and 25% deviations occur for the
estimated pore pressure in the predictive
model. In case of activating this alarm
level immediate action of stabilization
are required.

Each emergency level entail, for their
involvement and significance of the structure
stability, activities and different measures,
which constitute the technical measures
protocol.

5. TECHNICAL ACTION PROTOCOLS
OF EMERGENCY LEVELS

Below are present the technical action
protocols to take for any of emergency levels
defined for mining.

The  implementing  procedures in
correspondence  with  the  established
emergency levels are different because, as
noted, its meaning and involvement in
stability is quite different and can be said
broadly that, in the first case, there are no
stability problems, in the second -case,
stability may be compromised in the long
term and, finally, in the third case, the
stability can be compromised in the short
term.

Thus, the action protocols are defined in
line and proportion to the potential problems
that may be generated in the mine.

Specifically action protocols proposed for
the three emergency levels are defined as:

¢ Level 1 (attention)

+ Increasing the frequency of the readings,
one step backward in the timing of
measurement instrumentation in the area
where there has been an increase in the
rate of deformation or pore pressure.
(That is if the measuring monthly will be
changed to fortnightly and so on).

+ Visual inspection of the area details
where attention has been generated in
order to detect cracks, movement signals,
etc.

+ Check with the Department of Mines
what were the activities developed in the
influence area of the zone where the
attention has been detected.

& Level 2 (alert)

¢ Increased frequency of readings,
according to the criteria specified in the
standard of attention level, with a
maximum frequency of two measures per
week.

+ Visual inspection according to the same
criteria described above.

o Check with the Department of Mines
what were the activities developed in the
influence area of the zone where the
attention has been detected.

+ Evaluation of the situation from the
magnitude of pore pressure and the speed
of evolution of the deformation according
to the predictive model.

+ Reviewing calculation processes.

¢ Level 3 (alarm)

+ Analysis of the situation, based on the
five actions described for the alert level.
In this case the frequency of the measures
and visual inspection will be daily.

+ Placing additional instrumentation if
necessary.

+ Feedback of calculation models used for
evaluating the stability of the structure
and deformation prediction model and
pore pressures.

+ Stoppage, if applicable, of the activity in
the area where the alarm has been
detected.

+ Introduction of corrective action or
reinforcement if necessary.

The transition from one to another lower
emergency level must be justified in each
case based on measurements made in the
action protocol for each emergency level.

In the three defined emergency levels all
obtained data is stored on computer so it will
be instantly accessible and actionable.
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Statistical studies on the collected data
sets will allow refining the predictions about
the behavior of subsequent control units.

It is necessary to have a system that
ensures easy and fast transmission of all data
so this can be done without delay. For this
will be taken (as optimal solution)
transmission to the computer all the
information supplied by the inclinometers,
topographic landmarks and piezometers,
which in the case of the information
provided by the prisms leveling is
immediate.

6. VERIFICATION OF RESULTS AND
CORRECTIVE ACTIONS OF
REINFORCEMENT

This section provides an assessment of the
most appropriate corrective measures to be
implemented after verification of the results
for the open-cut mining and dumps.

It will be established a procedure to ensure
that all information is absolutely organized in
a database.

This information will be compared with
the values in the predictive model according
to the construction phase in which it is.
Discrepancies that can be detected will be
identified, discussed and considered, after
which action will be taken as deemed
appropriate and will be transmitted to the
centers of decision makers.

It is essential for the safety of the work
that the chain of transmission is rigorously
established.

The generated information will be
managed by computer equipment capacity
and adequate processing speed. Programs
and routines will be provided (from
conceptual models of each type of control
unit) which allow establishing reference
values of the measured variables for each
alert level.

In order to assess which are the most
appropriate remedial actions necessary to
implement, define whether the detected
instability affects one or more banks. In the
first case the adoption of corrective measures
is not necessary, since they are in charge of
berms which correct these local instabilities.
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On the contrary, if the generated instability
affects more than one bank, it is necessary to
evaluate what is the optimal measure to
adopt.

The actions to be taken in the case of
generated instability that affects several
banks of open-cut mining will be:

¢ Measures based on the modification of
the geometry of the slope; in order to
correct the overturning moment of the
resultant of weights. Specifically, it can
act on the height and angle of bank, and
on the width of the berm.

¢ Measures based on the reduction of
pore pressures; this action will take
place in case that it is expected that the
instability is causing increased pore
pressures. It could run pumping wells for
drainage of the ground water and reduce
the pore pressure, provided they are
environmentally authorized.

¢ Measures based on the increased
resistance of the ground; this step will
be implemented in the case that earlier
performances are not effective. You
could resort to  using  mesh
reinforcements, bolts and cable anchors.
Can also act by building resistant
elements, such gabion walls, breakwater
(with or without concrete, etc.). At the
foot movement. These measures in open-
cut mining cannot be viewed as
widespread but as specific measures in
specific areas.

Any previous reinforcement measures should
be supported, as was included in the previous
section, by a model calculation that includes
a retrospective analysis and quantifying at a
later stage the goodness and effectiveness of
the proposed measures.

If necessary, design and implement a
campaign to survey and take samples of the
breaking surface that later will be sent to a
laboratory to check the strength of the
ground after the breaking.
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Once those properties are obtained, by
applying a safety factor SF = 1, mentioned
retrospective analysis can be made by
equilibrium methods set limit and the new
geometry of the slopes to ensure stability.

7. REGULAR ISSUE REPORTS

From the information obtained, it may emit
three different report types:

¢ Fortnightly report: immediate action
will be taken to validate the continuity of
the excavation, as long as there have been
geotechnical problems during the
excavation of the mine, otherwise it will
be deleted. Consist mainly in the
graphical representation of the latest
available data from the instrumentation.

¢ Monthly report: will include graphical
analysis comparing the results with the
expected values justifying its
admissibility or non-admissibility. Also,
based on the collected data, it will be
created a bank of geological and
geotechnical data.

¢ Urgent action report: should be sent no
later than 24 hours when something
unexpected happen.

8. CONCLUSIONS

The environmental monitoring program and
geotechnical control besides having control
functions using the different tools mentioned
in this article, is an important source of data,
mainly empirical, because it can assess how
far the predictions made in the EIA (EIA) are
correct. From this information, it is also
possible to detect unforeseen changes in the
Environmental Impact Study, which should
be properly corrected by corrective
measures. It is considered necessary to carry
out mining operations in order to monitor the
parameters that affect safety and the
environment.
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ABSTRACT Cayeli Bakir Isletmeleri A.S. (CBI) is an underground copper and zinc mine.
The mine has to produce from more than 150 different production stopes, associated with
around 4,000 meters of waste and ore development. The planning and scheduling becomes
even more intense and tedious when the life of mine plan is prepared. In the past, schedules
have been prepared manually in Excel spread sheets, which was labor-intensive and time
consuming.

CBI has recently utilized a specialized mine scheduling software to manage complex
underground scheduling work. This paper will briefly explain CBI’s transition to scheduling,
how the software was enhanced with the mine’s specific needs, and how the year 2013 and
the life of mine production was planned and scheduled, for the first time. The paper will
cover the steps of scheduling from geology definition to creating scenarios and to publishing

results. The specific benefits of this implementation will be discussed.

1 INTRODUCTION

The mine planning is vital for a mine
operation and it is a very complex process
that integrates several technical disciplines
like mine design, rock mechanics and
ventilation. It involves mine planners’
suggestions and decisions on cut-off
estimates, scheduling alternatives and waste
removal sequences. The mine planner
evaluates a variety of alternates and chooses
the best one. Such decisions are updated
within time intervals, as the production
continues and new information becomes
available.

Mine planning is a forward-looking
exercise, which provides direction to the
operation. Whether being a short term or a
long term plan, it reveals how to mine,
where and when to mine.

The mine planning workflow constitutes
four steps: geological database, geological

modeling, mine planning and production
scheduling.

The Cayeli underground mine, operated by
Cayeli Bakir Isletmeleri A.S., is a wholly
owned subsidiary of Inmet Mining
Corporation. The town of Cayeli is located at
8 km south of the Black Sea coast, at
approximately 100 km west of the Georgian
border in north-eastern Turkey.

Construction of the mine started in 1992
and the ore production began in 1994. CBI is
the largest fully mechanized underground
base metal mine in Turkey. The mine
extracts about 1.2 million tonnes of ore per
annum to produce about 240,000 tonnes of
copper and zinc concentrates.

1.1 Geology

The deposit is similar to VMS Kuroko style
deposits. The Cayeli orebody is located
between hanging wall pyroclastites and
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flows and footwall rhyolite. Mineralization,
which is typical of a volcanogenic massive
sulphide environment, is known over a strike
length of 920 m. Massive sulphides form the
majority of the ore in the deposit. The ore
comprises varying amounts of pyrite,
chalcopyrite, and sphalerite with minor
amounts of dolomite and barite. The
measured resource has a strike length of
approximately 600 m, a

vertical depth of over 600 m, and varies in
thickness from a few meters to 80 m, with a
mean of approximately 20 m. The average
dip is 65° NNW in the upper part of the
deposit and approximately 50° at depth.
Below the massive sulphides, there are
varying widths of stringer mineralization
which can often exceed the cut-off grade due
to chalcopyrite veining.

Figure 1. 3D view of the mine infrastructure
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1.2 Mining Method

The mine design is based on underground
bulk mining methods with the use of delayed
backfill to extract the ore in a sequential
manner. A single production shaft located on
the footwall side of the orebody and a
service ramp provide access to the mine, as
seen on Figure 1.

The primary mining method for the Cayeli
orebody is retreat transverse and longitudinal
longhole stoping with paste fill and loose or
consolidated waste rock backfill application.
The stopes are mined in primary, secondary,
and tertiary sequencing. The primary and
secondary stopes are mined as transverse and
the tertiary as longitudinal stopes.

The main levels are developed off the
service ramp along the strike of the orebody
at 45-100 m vertical intervals. From the top
of the mine down to the 800 level, levels are
located on the hanging wall side and, from
the 800 level down to the bottom of the mine
levels are located on the footwall side of the
orebody. The main levels divide the orebody
into mining blocks.

Sublevels are developed inside the
orebody along the contact with the hanging
wall, or in the centre of the orebody in the
upper parts of the mine. In the lower parts of
the mine, sublevels are developed along the
contact with the footwall. The sublevels are
part of the stopes. The ore within sublevel
drift configurations is recovered after the
primary and secondary stopes in a block are
mined out and backfilled. Extraction of the
ore from the sublevel drifts is called the
tertiary stoping and is done in a retreat
scenario. The sublevel vertical distance is
dictated by the stope height. In the upper
parts of the mine, it is 20 m, allowing the
development of a 15 m high by 7 m wide
stope bench for production drilling. In the
lower part of the mine, the sublevels have
been developed 15 m apart, allowing the
development of a 10 m high by 10 m wide
bench for production drilling.

Figure 2. Mining method at CBI

2 MINE PLANNING

All mine production plans at CBI are
prepared by the mine planning engineers
with the use of the block model updated by
the geologists. MineSight is utilized as the
design software.

Mine planning at CBI is classified in two
groups as long term and short term planning.

2.1 Long Term Planning

These are the plans for periods of minimum
1 year or longer, which are the Life of Mine
Plan and the Budget Plan respectively.

2.1.1 Life of Mine Plan

The overall aim of the Life of Mine (LOM)
plan at CBI is to determine the best strategy
for extracting the available ore reserves.
While preparing the LOM plan,
consideration is being given to maintain
maximum production rates for as long as
possible, by evaluating the mining options
for each mining zone and increasing the
number of active mining zones at the same
time. The thoughts and the strategy for each
mining zone are being documented along
with the assumptions and key mining
physicals for the remainder of mine life.
Milestones are being determined that must
be achieved for the LOM plan to be realized
with a resolution of half a year. The key
risks to accomplish the LOM plan are being
defined and a SWOT (Strength-Weakness-
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Opportunity-Threat) analyses is being made

for each zone. The uncertainties associated

with the mining zones are being addressed
and a “to do list” is being prepared for them.
Some of the features of the LOM plan at

CBI are:
e Tonnes ramp down toward end of
mine life but a sharp finish is required.

» Fixed mining sequence for each block
is used.

* Waste development scheduling starts
after scheduling stopes.

* Look at peaks & troughs in production
for each mining area.

*  Waste development:

— Schedule in months.
— Check waste development
meters & number of headings.

» Correlation between production &
proportions of backfill types.

* Milestones highlighted for mining
areas.

e Check quantity of development on
each level.

+ Strengths, weaknesses, opportunities
and threats are identified for each
block.

* Correlation between production &
rehab.

* Development (ore & waste), tonnes &
grade scheduled.

« Factors used for number of barricades,
backfill volumes, & rehab.

2.1.2 Budget Plan

Budget is prepared annually, as part of the
LOM plan according to the long term (ore
reserves) metal prices.

Grade model is being updated with the
most recent diamond drill and drill sludge
data before planning is commenced.

Net Smelter Return (NSR) cut of boundary is
being used and wire frame is being updated
as well for the cut off boundary.

As a general strategy, the maximum
possible production from upper blocks are
planned at first, and then the remaining
required tonnage is provided from the
deepest block, the block where capital waste
development is still being carried out.

A reliable production rate is being
established for each stand-alone mining
block or zone consistent with the maximum
actual historical production records, and the

504

current situation of the particular block /
zone. The past records of tonnage extracted
and the number of stopes mined are utilized
to predict the achievable production rate.

Monthly target production rate is simply
defined by the annual target being divided
into 365 days and multiplied with the
number of days for each month to get the
target tonnes.

A maximum of 30 m is developed from
each face per month. This corresponds to
around two rounds per week, which is a
common cycle time for an ore advance. A
cut per week per face is considered for waste
development faces.

The average stope cycle time per stope in
2012 without curing of paste was 42 days:
14 days of production and 28 days of
barricade & backfill. Therefore the stope
cycle time is taken to be around 2 months,
taking the curing time of pastefill into
account.

Some of the features of the Budget plan at
CBI are:

» Dilution & recovery:
— Historical measurements for
stoping blocks are used, and,
— Different factors are used for
primary, secondary, & tertiary

stopes.

— Dilution factor: 5.06%
(excluding internal dilution)

— Recovery  factor: 94.22%

(permanent ore loss)

» Copper grade reduction factor of 0.95
is used for high risk, high grade
stopes.

* NSR value is utilized to determine if
low grade ore type can be mined.

* A buffer is being built into schedule
through rates:

— Development rate per heading is
21m/month (up to 30m/month
in shorter term schedules).

— Stope cycle time is 42 days. 2
months allowed in schedule.

» Plan from top of mine down:

— Upper stopes have higher grade
but limited stopes can be mined
due to seismic activity.

* Number of stopes per mine area is a
schedule limit.

* Run through checks:

— Tonnes & number of stopes
from each mining area against
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previous performance. Reasons
for steps up or down are being
explained.

— Trucking & hoisting tonnes are
being split.

— Ore type distribution is being
presented.

— Development & stope tonnage
split (around 25% & 75%
respectively) is calculated.

* Once the Budget is completed, it is

communicated  with the mine
management.

* Risks & opportunities are being
highlighted.

. Backﬁgll calculations are being based

on historical records.

* Production is being prioritized over
waste development.

¢ Scheduled: tonnes, grade,
development meters, backfill volume,
& number of barricades.

Budget 2013 was scheduled for the first
time with scheduling software MineSched, a
product of Gemcom, in the summer of 2012.

All designs of stopes and headings created
with MineSight were uploaded to this
software. Then, according the constraints
and planning strategy, the development &
production sequences were created. This
paper briefly explains how this is achieved
with MineSched.

2.2 Short Term Planning

These are the plans for periods of maximum
1 year or shorter, which are the quarterly
forecasts made at the end of the first quarter,
second quarter and third quarter of the year,
3-month mine production plans and weekly
mine production plans, respectively.

2.2.1 Quarterly Forecasts

Budget is readjusted three times a year to
make an achievable schedule:
Forecasts:

* Aim for the budget tonnes/year. If the
budget does not seem realistic in the
last quarter of the year, last quarter is
scheduled less.

* Are extended into January of the
following year.

* Focus on production — to catch up to

budget.
+ Updates (for all longer term
schedules):
— Development  from  survey
updates.

— Stope status from operations &
geotechnical ~ engineers &
geologists.

2.2.2 3-Monthly Plans

This schedule contains the mine’s monthly
plan for execution. The first month of the 3-
month schedule is prepared in detail as
following:
+ Stopes are sequenced by zone.
* Aim is to keep on track with budget &
reforecast budget.
» Targeting budget tonnes & grade.
* Number of stopes is considered. This
is a production limit.
. Stoge cycle time is considered along
with predecessor activities.
» High risk stopes are identified.
» Stopes & development are scheduled.
* Plan is discussed with the Mining and
Engineering superintendents.
* Geology reviews the ore type.
* Priorities are highlighted for each
activity when schedule is presented.
* The following is listed in weeks:
— Ore headings (tonnes, grade, &
some comments)
— Stopes (tonnes, grade, & some

comments)

— Waste headings (number of
cuts)

— Rehab sites (type of rehab
indicated only).

o Sites are also listed for backfill,
production drilling, wire-meshing, &
diamond drilling.

* Plan updated:

— Survey plans & AutoCAD
— Underground measurements &
inspections.

* Priorities communicated verbally &
via e-mail for some priorities.

* Priorities at this stage focus on
achieving short term production
targets.

Figure 3 shows a typical monthly plan
spread sheet.
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Figure 3. Typical monthly mine production plan

2.2.3 Weekly Plan

Weekly schedules are prepared 4 days in
advance of the start of the week:
+ 1* month of 3 month schedule is taken
into consideration.
* The following is considered when
developing the schedule:
— Balancing haulage methods
— Achieving physical ore
production targets for the week
— Predecessor activities to bring a
stope on line

— Equipment utilization &
availability
— Labor resources

— Un-planned events & how to
get back on track to achieve
targets.

* Next month’s stopes can be used to
substitute this month’s stopes.

* Ore development, stopes, then waste
development sites listed in plan.

*+ Focus is on achieving target
production tonnes for the week.
*+ Weekly grade targets are also

considered.
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3 MINE SCHEDULING

The mine has to produce from more than 150
different production stopes, associated with
around 4,000 meters of waste and ore
development, at around 200 different faces
each year, due to its extremely poor ground
conditions. This requires careful and diligent
planning and scheduling practices. The
planning and scheduling becomes even more
intense and tedious when the life of mine
plans are prepared, as 1,200 different stopes
and over 16,000 meters of development
faces needs to be handled.

In the past, the monthly, quarterly, annual
and life of mine plans and schedules have
been prepared manually in  Excel
spreadsheets by the mine planners.
Scheduling with such traditional planning
method is labor-intensive and time
consuming. It relies on individuals and data
preparation depends on the skills of the
planner. This method does not offer 3D
visualization of the schedule; the mine
planner cannot visually check for errors and
it is difficult to communicate. Furthermore,
it requires quite amount of repetitive work
when different scheduling options are
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needed to be assessed, or a part of the
scheduling is needed to be revised.

CBI has recently utilized a specialized
mine scheduling software, Gemcom’s
MineSched, to manage the mine’s complex
underground scheduling work. This paper
will briefly explain CBI’s transition to
scheduling with MineSched, how the
software was enhanced with the mine’s
specific needs, and how the year 2013 and
the life of mine production was planned and
scheduled, for the first time. The paper will
cover the steps of scheduling from geology
definition to creating scenarios and to
publishing results. The specific benefits of
this implementation will be discussed as
well.

3.1 Existing Mine
Strengths at CBI

The thought processes is generally adequate
to create robust schedules:
* Formalized processes through full
scheduling cycle.
* 3 month schedule focuses on bringing
budget stopes on line. Focus is on
stopes not on reaching targets for

Planning Process

equipment.

+ Priorities are being assigned to certain
activities.

* Generally a focus on locations not on
equipment.

+ Good understanding &
communication between mine

planning & operations.

3.2 Mine Planning Process Weaknesses
Identified at CBI

The following were identified to be the
weaknesses of the planning and scheduling
system of CBI:
* Communicating schedules: Sequences
of events are in mine planners’ heads.
» Activity dependences: No activity
links thus activity successors &
predecessors are unclear. This leads to
oversights in scheduling & execution.
* Resourcing & timing: It cannot be
known if a schedule 1s robust or even
feasible if not scheduled in an
appropriate time resolution.
* Information flow: Transferring of
scheduling information from one time

frame to the next & meeting the next
broader time frame schedule is
difficult if information is not
presented in an appropriate time
resolution.

* Schedule compliance measuring:
Compliance to schedule tracking &
measuring is difficult if the schedule
is not presented in an appropriate time
resolution.

» Full 2 week schedule is not discussed
in 2 week schedule meeting. Focus is
on the current week.

» Compliance to monthly plan is around

65%.
* Budget:
*+ Waste development quantity
decided by set waste

development capacity.
* Historical waste development
rates used for budget rates.

3.3 Improvements Required

The following critical improvements have
been identified:

* Stop usin
schgdules. s

» Use appropriate scheduling software
for LOM to 3 month scheduling.

* More human resources in Mine
Planning: another full time mine
planner.

* Schedule compliance

— Schedule compliance to be the
key performance criteria for the
mine with a commitment from
top down.

— Compliance to schedule
tracking for all schedule time
frames as graphed & discussed
in schedule compliance
meetings.

— Mine Captains & managers to
be held accountable for
schedule compliance.

* Noncompliance: root cause formal
identification process.

— Identify noncompliance due to
lack of planning.

e Input from all areas into all mine
schedules.

— One-on-ones to be setup for 3
month schedule & 2 week
schedule.

e Activity rates based on future
resources & strategic planning to
achieve mine targets.

— Not based on historical rates.

lists & start using
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* Year look ahead in addition to the
budget.

— Maintain budget detail for 2
years ahead.

* Budget reforecast: ‘

— Include a reforecast for the 1%
quarter.

* Include bottleneck in schedule.

— Rehab to be scheduled from at
least 3 month schedule through
to real time scheduling.

* Track activity buffers.
* Scenario planning using MineSched.
* For 3 month schedule:

— Include all significant activities
including: ore development,
waste development, production,

production  drilling,  raise
drilling, major fixed plant
shutdowns, barricades,
backfilling, rehab, major
project/services.

— Schedule should be presented in
weeks.

— Data entered appropriate for
weekly resolution.

— Links between activities. Clear
stope dependences.

— Issue a draft before planning
meeting.

— Split 3 month schedule planning
meeting & monthly compliance
meeting.

— Formal
month.

— Full 3 months to be planned &
presented to operations.

* Critical information handover point: 3
month schedule to 2 weekly schedule.

— Clear communication of 3
month schedule.

* Track & present graphically schedule
compliance: for all time frames. Also
compare to forecast.

* Reporting of actuals to
schedule formats.

commitment to %

match

One of the most significant outcomes of
this technical forum was to speed up and
progress with the mine scheduling tool.

4 SCHEDULING SOFTWARE

It’s been started to prepare forecasts 3 times
a year and a LOM plan every year starting
from 2009, in addition to the monthly plans
and the budget. The scheduling works done
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within a year and the amount of time needed
for them are listed below:
*  Monthly and 3 months plan — 12 times
(12 weeks)
* Quarterly forecasts — 3 times (3
weeks)
* Budget — 1 time (6 weeks)
*+ LOM Plan — 1 time (4 weeks)
These totally take 25 weeks, and not much
time is left to the planning engineer for the
works like reserves calculations, mine
design, mine planning and reconciliation.

It is anticipated that these intense
scheduling works will continue with the
same intensity and perhaps even get more
through the end of mine life with the need of
“what if”” scenarios.

The traditional method with the use of
AutoCAD sections and Excel spreadsheets is
time consuming and mining specific tools.
As they do not offer 3D visualization of the
schedule, the planner cannot visually check
for errors and it is difficult to communicate.
Data preparation depends on the skills of the
planner.

Furthermore, it requires quite amount of
repetitive work when different scheduling
options are needed to be assessed, or a part
of the scheduling is needed to be revised.
Because of reasons explained above, it has
been decided to purchase a scheduling tool.

4.1 Software Selection

Evaluating and selecting a suitable software
package for CBI was the most critical risk.
The most practical and efficient system that
fits to the following was important:
* Underground mining
* CBI’s mining method and conditions
* Working compatible with planning
tool MineSight
* Scheduling for both short and long
term

Normally the best approach would be to
purchase the scheduler of MineSight, which
was CBI’s existing geological modeling and
planning tool, not to have compatibility

issues, however, Mintec’s scheduling
packages were all for open pit mines at that
time. They were developing and

underground scheduler but it would not be
available before 2012.
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It’s been decided to purchase and
implement Gemcom’s MineSched after an
evaluation process.

S IMPLEMENTATION
MINESCHED AT CBI

It’s been realized during the implementation
and training period of MineSched that the
software was not completely fulfilling
mine’s some specific needs, particularly on
underground scheduling system with an
extreme amount of stope production
sequencing required. Thereafter, collective
studies started with Gemcom to adapt the
software to the mine’s specific needs at the
highest level possible. The deficiencies
determined have been submitted to Gemcom
and it was requested to enhance the software
upon these requests. Gemcom has eliminated
such deficiencies and re-designed the
software to CBI’s specific needs.

OF

5.1 Enhancements Requested and

Implemented in MineSched

A number of new enhancements for
MineSched have been created after CBI’s
requests in 2011 by the MineSched
development team.

Some of the critical enhancements were
explained below in detail.

Surpac was made able to read all attributes
generated in a MineSight polyline file, but
also data from MineSched solids. This
greatly eased exchange of data between
MineSight and MineSched. A custom made
script (macro) was created for CBI to
automate the importing process of
MineSight block models into MineSched.
These resulted with the import of MineSight
files with simple one click or drag and drop
solutions.

For an operation such as CBI, the ability to
view current workings (as-builds) alongside
planned development and production
locations (stopes) was seen as vital. As such

the 3D canvas in MineSched has been
enhanced to allow the drag and drop of any
.dtm file from Surpac to be loaded and
displayed in MineSched (Figure 4).

"":'":1' if
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i

Figure 4. Display of “as build” solids, stopes
and headings

Files with the .dtm (digital terrain model)
file extension contain three-dimensional
images that show the plans for mines. The
creation of these .dtm files is a simple two
click conversion from .msr (MineSight
resource file) files.

The ability to group development and
location by a zone or block number was seen
as important to the workflow of creating the
schedule and reporting. As such new user
defined attributes and stope collections made
available across MineSched. In CBI this
means that a group of stopes or headings can
be displayed to report or define a sequence.

A critical enhancement for MineSched
was the ability to sequence in a graphical
manner. This functionality had already
existed for headings but not for locations
(stopes). MineSched now has the ability to
link different locations and development to
each other by a simple two click process.
Red arrows in Figure 5 are displayed to
show the planner where the sequences are. A
delay between the two locations can also be
added in order to simply model support work
(barricade — paste fill — etc).
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Figure 5. Graphical sequencing with red
arrows

5.2 Preparation of 2013 Budget and LOM
Plan with MineSched

The budget and LOM plan preparations for
2013 has started after the final MineSched
training on site in June 2012 had completed.
Firstly, the development polylines and stope
solids were designed to be sequenced in
MineSight.

As designing tool MineSight and
scheduling tool MineSched work with
different file types, the files created with
MineSight were converted into proper
Surpac files, where MineSched is embedded
in.

The biggest challenge brought with the
implementation of the software was the
discrepancy due to difference between the
file types in data exchange with the currently
used software. Different file types generated
by every software cause problems in
information exchange between software.

The block model previously generated on
MineSight was exported in ASCII format
and converted to the proper format by a
macro operating on Surpac.

Then the block model was transferred into
MineSched (Figure 6). However, another
problem encountered at this stage was that
the data read by MineSight and MineSched
from the block model were different to each
other: the Cu and Zn grades extracted from
the model were different. As the grade
values in MineSight was very well
overlapping with
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the actuals underground, the MineSched
outcomes should have been exactly the same
as MineSight. The problem was solved when
the blocks of 5x5x5 m sizes that constituted
the block model were divided into 5 equal
parts.
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Figure 6. Defining geological model

After the current block model is loaded,
recovery and dilution rates were defined.
Furthermore, in addition to diluted Cu, Zn,
Pb, Au, Ag and NSR values, rock bolt and
shotcrete values could have been calculated
in this section if required (Figure 7).
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Figure 7. User calculations window

Then, 2013 Budget and LOM sequencing
has started. First, ore and waste faces and
stope  designs were transferred to
MineSched. For Budget, 4.400 m face and
171 different stope designs for 2013 Budget,
and 16.000 m face and 1.200 different stopes
designs for LOM were imported to the
software.
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After face developments were imported,
names, directions and routes of the faces
were controlled.

This section also allows specific
conditions to be set like starting or stopping
a certain face on a certain date (Figure 8).

Then, the designed stopes were imported
(Figure 9). The direction of the stope
blasting 1s defined at this stage (as
transverse).This section also allows groups
to be created, as zones.

In the next step, the activities to be
executed during a full production process of
a stope at CBI are defined (Figure 10).

Then, it is described to the software to
which stockpile the produced ore will be
transferred (Figure 11).

After it is made clear where to transport
the ore, the ore tonnage and grade from all
stopes can be reported with recovery and
dilution factors applied.

Then, the most important and critical part
of the whole study started. This is the section
of the software where development and
stopes were sequenced depending on the
precedences, planning criteria and planning
strategy (Figure 12). This part requires a
very accurate and detailed operation.

Then, daily development capacities for
waste and ore faces were entered on face
basis. At the same time, production rates for
stopes were entered separately for
secondary, primary and tertiary stopes
(Figure 13).

In the next step, the scenario was run and
the results were presented in MS Excel
spreadsheet and an MS Project Gantt chart
format.

6 SPECIFIC BENEFITS
SCHEDULING AT CBI

OF MINE

6.1 Increased Productivity of the Planners

Such software reduces scheduling times by
automation of repetitive tasks, such as

development  sequencing and  stope
sequencing. It drives up productivity of the
planners by saving labor and time.

More time becomes available to the
planning engineers to focus on mine design
and planning issues rather than scheduling.

6.2 Easy
Options

Evaluation of Scheduling

It is easier with the use of MineSched to
assess multiple alternatives to determine the
optimum development sequence. It enables
rapid response to ‘what if?” scenarios.

6.3 Improved Communication of Mine
Planning

MineSched exports to Excel spreadsheets or
Project Gantt charts for a  better
communication. It also generates real-time
3D animations to provide clarity to the
decision makers. This makes budgets and
LOM plans more transparent and easy to
communicate.

6.4 Integration of Short Term and Life of
Mine Plans

MineSched can integrate short-term and Life
of Mine plans into a single entity. This
ensures quick assessment of any plan
modification. For instance, once the link
between the 3-months plan and the budget
plan is established, any change in the
monthly plan will reflect to budget during
Ql, Q2 and Q3 forecasts’ preparations.
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Figure 9. Stopes by different zones
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Figure 12. Sequencing
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514



23" International Mining Congress & Exhibition of Turkey « 16-19 April 2013 ANTALYA

7 CONCLUSIONS

The monthly, quarterly, annual and LOM
mine plans (schedules) used to be prepared
in Excel manually at CBI. Scheduling with
those traditional planning systems is labor-
intensive and tedious. This also takes
considerable time to prepare.

Now, CBI uses specialized mining
scheduling software, MineSched, which
saves labor and time. It enables multiple
scenarios and alternatives to be evaluated to
determine the optimum sequence and
evaluate constraints and critical path. To
change a completed schedule or redo a part
of it can be quickly achieved with it, once
the data is made proper.

The traditional planning system relies on
individuals to apply defined planning
standards. This software decreases the
dependency to planning personnel as well.

Elimination of negative effects of
continuously changing underground
conditions on production and safety is only
possible by creating new, rapid and safe
scenarios. Thanks to this software, a huge
amount of time and labor was saved.
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An Experimental Study on the Surface Roughness of Rocks

Sawn by Diamond Sawblades: Effect of Mineralogical Properties

G. Aydin, I. Karakurt, K. Aydmer

Karadeniz Technical University, Department of Mining Engineering, Trabzon-Turkey

ABSTRACT Surface roughness is a measure of the technological quality of a product and a
factor that greatly influences manufacturing costs. In this study, an experimental study on the
surface roughness of rocks sawn by sawblades was presented. In the study, major
mineralogical properties of the rock affecting surface roughness were investigated. The
results showed that among the mineralogical properties; mean grain size of the rock was

ranked first in governing surface roughness.

1 INTRODUCTION

The use of granite as a construction and
decorative = material is  continuously
increasing worldwide due to their high
resistance against to the environmental
effects and attractive aesthetic properties. As
a result of growing demand, processing of
granites by using diamond segmented
circular sawblades has found a wide
application in the stone industry (Chen and
Rowe, 1986). There have been many studies
on the investigation of sawing performance
of circular diamond sawblades in stone
processing. Sawing mechanism (Chen and
Rowe, 1986; Konstanty, 1991; Konstanty,
2000; Tonshoff et al., 2002), wearing in
diamond sawblades (Luo and Liao, 1993;
Ersoy and Atici, 1999; Karag6z and Zeren,
2001; Xu, 2001; Denkena et al., 2003; Ersoy
et al., 2005; Buyuksagis, 2007), cut-ability
(Wright and Jennings, 1989; Buyuksagis,
1998; Xu et al., 2003; Wei et al., 2003; Rosa
et al., 2004; Delgado et al., 2005; Ucun et
al., 2005), modeling and prediction of
cutting performance (Buyuksagis, 1998; Di
Ilio and Tonga, 2003; Eyuboglu et al., 2003;
Kahraman et al., 2004; Buyuksagis and
Goktan, 2005; Huang et al., 2006; Fener et
al., 2007; Yasitli, 2008; Yilmaz et al., 2011)
are among the well-known studies
documented so far.

Surface roughness is a measure of the
technological quality of a product and a
factor that greatly influences manufacturing
cost. It describes the geometry and surface
textures of the machined parts (Ozgelik et
al., 2005; Nalbant et al., 2007; Caydas and
Hasgalik, 2008). Despite the fact that there
are many studies on cutting performance of
sawblades, until now, no comprehensive
study has been specifically conducted for
surface roughness of rocks sawn by
sawblades. The present contribution attempts
to address and fill this gap in the literature.
This work aims at investigating the
relationship between surface roughness and
mineralogical properties of rocks tested.

2 MATERIAL AND METHOD

For the execution of experiments, nine
granitic rocks having different percentages
of minerals, different grain size distributions
and substantial market potential were
selected from a stone processing plant and
dimensioned according to the requirements
of experimental studies. The samples have a
length of 30 cm and 10 cm x 3 cm section.
Petrographic studies conducted in the study
include the determination of composition
and grain-size of the minerals. For this
purpose, thin sections for each rock were
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prepared and examined under the polarizing samples. Mineralogical compositions and
microscope. Polished hand specimens were  grain size ranges of the studied rocks are
also examined for the grain size givenin Table 1.

characterization for the coarse-grained rock

Table 1. Mineralogical properties of the rocks

Mineral Grain Size (mm)  Prp.
Rock Type Min. Max. Mean (%)

Alkali feldspar (orthoclase) 0.56 20.00 5.2 41

Plagioclase 0.40 3.76 1.6 29
Quartz 0.16 6.00 2.5 11
Bl’t‘:;fgy Pyroxene 024 200 04 9
Biotite 032  3.60 1.5 6
Garnet 0.80 6.56 2.4 2
Opaque 0.08 0.80 2
Alkali feldspar (orthoclase, 0.80 18.00 12 41
microcline)
Giallo Quartz 0.40 9.60 4 32
Fiorito Plagioclase 040 2.40 1.8 14
Biotite 0.16 1.60 0.7 12
Other and sec. components 0.08  0.16 1
Alkali feldspar (orthoclase, 0.80 12.0 8 44
microcline)
Quartz 0.40 4.00 0.7 24
PortoRosa 5} ioclase 096 680 1.7 24
Biotite 0.16 2.00 0.7 6
Other and sec. components  0.24  0.48 2
Alkali feldspar (orthoclase, 0.48 4.80 0.8 39
microcline)
uartz 024 224 1.7 27
Crema Lal I?Iagioclase 0.56 3.60 20 22
Biotite 032 1.60 0.4 10
Other and sec. components  0.08  0.56 2
Alkali feldspar (orthoclase) 0.80  6.80 1.1 47
Plagioclase 032 4.88 2.2 27
Giresun Quartz 024 2.40 1.9 16
Vizon Amphibole 0.16 0.96 0.2 4
Biotite 048 3.44 1.4 4
Other and sec. components  0.16  0.36 2
Alkali feldspar (orthoclase. 0.80  6.80 2.1 38
microcline)
Quartz 0.16 5.60 2.7 25
Balaban Plagioclase 096 5.20 2.2 14
Green Amphibole 024 1.20 0.4 10
Epidot 0.08 0.40 0.1 6
Biotite 048 3.20 0.7 4
Other and sec. components  0.16  0.96 3
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Table 1 continued

Grain Size (mm)

Rock Type Mineral Min. Max. Mean 1;;5
Plagioclase 024 336 1.7 48
Nero Pyroxene 024 240 1.6 40
Zimbabwe  Biotite 0.16 032 0.2 4
Opaque 0.04 0.80 0.1 8
Plagioclase 032 4.6 1.2 43
Alkali feldspar (orthoclase) 0.32  2.98 1.3 20
Bergama Gri Quartz 024 3.60 1.2 19
Biotite 024 1.60 0.4 10
Amphibole 024 1.60 0.4 6
Other and sec. components  0.24  0.80 2
Plagioclase 024 520 1.5 40
Pyroxene 024 3.60 1.3 39
Star Galaxy Biotitg 0.16 3.20 0.4 10
Amphibole 0.08 0.36 0.1 7

Other and sec.
(quartz, opaque)

comp.

0.08 1.36 4

Cutting tests were performed on a high
precision experimental cutting machine (Fig.

Figure 1. Experimental set-up

The diamond sawblade used in the tests
was of 40 cm diameter, having 28
impregnated diamond segments
(circumferential length 40 mm, width 3.5
mm and height 10 mm). The diamonds were
sized at 40/50 US mesh with a concentration
of 30 which is recommended for the sawing
of hard materials. Disc movements forward-
backward in the horizontal plane and up-
down in the vertical plane were driven with
two 0.75 kW ac motors, while the turn of the
disc were driven with 4 kW ac motor.

Moreover, 0.75 kW ac motor was used to
move the wagon in the -cutting line.
Operating variables such as peripheral
speed, traverse speed, cutting depth, flow
rate of cooling fluid, vertical, horizontal,
axial forces were measured using sensors,
load cells, transducers and an encoder in the
monitoring system. All movements of the
cutting machine were controlled using
processing software.

The cutting experiments were conducted
in the down-cutting mode. Each experiment
was repeated five times to increase the
accuracy of the results obtained. In the
cutting tests, a constant specific removal rate
of 120 cm’/min was employed so that all
granite types could be easily sawn within the
available power limits of the cutting
machine. The same cutting rate enabled a
direct comparison of results obtained for all
the rock samples.

There are several ways to describe surface
roughness, such as the roughness average
(R,), the root-mean-square (rms) roughness
(Rg) and the maximum peak-to-valley
roughness (Ry,y), etc. Ra is defined as the
arithmetic value of the profile from
centerline along the sampling length
(Ozgelik et al.,, 2005). Surface roughness
measurements of the cut surfaces of the
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rocks were made using a stylus-type
profilometer, Mitutoyo Surftest SJ-301
whose principals are schematically described
in Fig. 2. Surface roughness measurements
were made at the middle zone of the cut

surface to compare the obtained data for
each rock. Due to the variability of data, 20
measurements for each surface and totally
10x20 readings (Ra) were taken for each
experiment.

The measured
and/statistical data is
printed out

The detector stylus
traces the workpieeg
surface

AC adapter

The vertical stylus
displacement produced while
tracking the workpiece surface
is converted into electrical
signals

The electrical signals
_ are subjected to various
“eglculation processes

# Detector traverse

direction
E—

— e —_—
[

The

(surface
displayed on the touch

calculation

results |

roughness) are

Figure 2. A schematic description of Mitutoyo Surftest SJ-301

3 RESULTS AND DISCUSSIONS

Regression analysis was carried out to
determine  relations  between  surface
roughness and the mineralogical properties
(see Table 2). Relations between material
properties and surface roughness were

investigated on the basis of some statistical
approaches such as linear, logarithmic,
exponent and exponential. As can be
understood, good correlation was obtained
between rock grain size and surface
roughness.

Table 2. Regressions analysis concerning the mineralogical properties and

surface roughness

Ag:f;z,{?ilsml Regression equation R
SR =0.0362x + 3.7661 0.3698
Plagioclase content SR = 0.9552 Ln(x) + 1.6822 0.3462
(%) SR =2.3293 x"*!" 0.3458
SR =3.7659 """ 0.3538
Feldspar content ~ SR =-0.0213 x + 5.4558 0.2940
(%) SR =5.4611 &0 0.2600
SR =-0.028 x +5.2954 0.1932
Quarts content (%) g _ 5 3796 (000X 0.2060
SR =-0.0692 x + 5.3245 0.0896
. SR =-0.4517 Ln(x) + 5.6766 0.0783
Biotite content (%) SR = 5.9343 x "1 52 0.0987
SR =5.4323 V0% 0.1161
SR =-0.3233 x + 5.3878 0.0210
Mean grain size of SR =-0.7274 Ln(xz +5.2189 0.0369
plagioclase (mm) SR =5.1605 x'* 0.0284
SR =5.3148 &% 0.0150
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Table 2 continued

Aﬁ:’;;‘;l‘?ﬁ;cal Regression equation R
Mean grain size of SR =-0.1566 x + 5.3472 0.7996
feldspar (mm) SR =5.3812 ¢ 30! 0.8175
Mean grain size of SR =-0.4451 x + 5.6031 0.5240
quartz (mm) SR =5.7144 "1 0.5420
SR =-0.7937 x + 5.3811 0.2427
Mean grain size of SR =-0.6674 Ln xg +4.4691 0.3464
biotite (mm) SR =4.4303 x 1% 0.2857
SR = 5.3384 ¢"-160% 0.1916
SR =-0.3584 x + 5.7084 0.8316
Mean grain size of SR =-1.0344 Ln(x) + 5.5548 0.7949
rock (mm) SR =5.6345 x ¢ 0.7947
SR = 5.8549 "™ 0.8590
SR =0.1487 x +4.159 0.0694
Max. grain size of SR =0.9155 Ln(x) + 3.4925 0.1472
plagioclase (mm) SR =3.3595 x> 0.1961
SR =3.9665 "’ 0.1028
Max. grain size of SR =-0.0847 x + 5.4881 0.7138
feldspar (mm) SR = 5.5322 018 0.6850
Max. grain size of SR =-0.2025 x + 5.5996 0.6374
quartz (mm) SR =5.7122 "% 0.6624
SR =-0.1464 x + 5.1512 0.0505
Max. grain size of SR =-0.3105 Lngx) +5.017 0.1029
biotite (mm) SR =4.9439 x84 0.0699
SR = 5.0281 0¥ 0.0258
Plagioclase content SR =2.5796 x + 3.5561 0.3568
o o T SR =1.3116 Ln(x) + 5.8278 0.4087
(%6) x its mean grain - g _ 7736 50051 0.4247
size (mm) SR = 3.5694¢0.5896x 0.3579
Feldspar content ~ SR =-0.3722x + 5.3319 0.8078
(%) x its mean grain SR = 5.3502 ¢-0.0855x 0.8185

size (mm) )
Quartz content (%) SR =-1.2409 x + 5.2839 0.4593
X its mean grain size SR = 53080 02989 0.5117
(mm) i

. SR =-23.321 x + 5.9257 0.6798
Biotite content (%) - gp _ (7334 [ n(x) + 2.4538 0.5077
X 1ts mean grain s1ze SR = 2.8345 X.o,[f,] 0.4697
of (mm) SR = 6.1021 &8 0.6536

Roughness profiles of the measurements
were also investigated. A representative
profile for both fine-grained and coarse-
grained rocks is presented in Fig.3a and
Fig.3b, respectively. Main factors affecting
surface roughness were determined in the
related figures. The findings are in
accordance with the results obtained. In
grain boundaries, surface roughness presents
a peak while it changes relatively stable
inside the mineral. In coarse-grained granite,
there is relatively lower amount of grain

boundaries in a specific area, and thus there
is a minor effect on the friction coming from
the grain boundaries that have relatively
higher roughness. Whereas, fine-grained
structures have much more grains that have
higher amount of grain boundaries along a
specific line. Therefore, during measuring
the friction coefficient, the possibilities of
intersecting the grain boundaries which have
higher roughness compared to the grain
interior are higher than the coarse-grained
granites.
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Figure 3. Representative roughness profiles of rocks, a) profile from rocks having
finer grains and b) profile from the rocks having larger grains

This results in intersecting higher number of
grain boundaries leading to high friction
coefficient. Some peaks were also observed
due to the fracture occurred inside the
minerals due to the cutting forces.

4 CONCLUSIONS

Surface roughness is an important measure
of the quality of a rock and a factor that
greatly influences manufacturing costs. As a
result of the study, it was determined that
rock grain size is the main mineralogical
property affecting the surface roughness. It
was also seen that roughness profiles
supports the results obtained.

522

ACKNOWLEDGEMENTS

The authors would like to thank to the
Scientific Research Fund of Karadeniz
Technical University for the financial
support of this work (No. 2009.112.008.3).
Additionally, the authors are most grateful to
Granitas A.S. stone processing company for
supporting this research by providing
dimensioned rock samples for the sawing
experiments.

REFERENCES

Buyuksagis, 1.S., Goktan, R.M., 2005. Investigation
of marble machining performance using an
instrumented  block-cutter. Journal of



23" International Mining Congress & Exhibition of Turkey « 16-19 April 2013 ANTALYA

Materials Processing Technology 169, 258-

262.
Buyuksagis, 1.S., 1998. Dairesel testereli blok kesme
makinelerinde mermerlerin  kesilebilirlik

analizleri. PhD thesis, Osmangazi University
Institute for the Natural and Applied
Sciences, Turkey, 1998 (in Turkish).
Buyuksagis, S.1., 2007. Effect of cutting mode on the
sawability of granites using segmented

circular diamond sawblade. Journal of
Materials Processing Technology 183, 399—
406.

Caydas, U., Hasgalik, A., 2008. A study on surface

roughness in abrasive waterjet machining

process using artificial neural networks and
regression analysis method. Journal of

Materials Processing Technology 202, 574—

582.

X., Rowe, B.W., 1996. Analysis and

simulation of the grinding process: Part II

mechanics of grinding. International Journal

of Machine Tools and Manufacture 36(8),

883-896.

Delgado, S.N., Rodriguez-Rey, A., Suarez del Rio,
ML., Diez Sarria, 1., Calleja, L., Ruiz de
Argandofia, G.V., 2005. The ifluence of rock
microhardness on the sawability of pink
porrino granite (Spain). International Journal
of Rock Mechanics and Mining Sciences 42,
161-166.

Denkena, B., Tonshoff, H.K., Friemuth, T., Glatzel,
T., 2003. Development of advanced tools for
economic and ecological grinding of granite.
Key Engineering Materials 250, 21-32.

Di Ilio, A., Tonga, A., 2003. A theoretical wear
model for diamond tools in Stone cutting.
International Journal of Machine Tools and
Manufacture 43,1171-1177.

Ersoy, A., Atici, U., 1999. Wear mechanism of
marble cutters. In proceedings of 16th.
Mining Congress of Turkey, pp. 107-115,
Ankara (in Turkish).

Ersoy, A., Buyuksagis, S.I., Atici, U., 2005. Wear
characteristics of circular diamond saws in
the cutting of different hard abrasive rocks.
Wear 258(9), 1422-1436.

Eyuboglu, S.A., Ozcelik, Y., Kulaksiz, S. Engin,

C.I, 2003. Statistical and microscopic

investigation of disc segment wear related to

sawing Ankara andesites. International

Journal of Rock Mechanics and Mining

Sciences 40, 405-414.

M., Kahraman, S., Ozder, M.O., 2007.

Performance  prediction  of  circular

diaomond saws from mechanical rock

properties in cutting carbonate rocks. Rock

Mechanics and Rock Engineering 40(5),

505-517.

Chen,

Fener,

Huang, S., Wang, C., Chen, B., Hu, Y., 2006. Dry-
cutting concrete study of diamond saw blade
with different segment width. Materials
Science Forum 532-533, 321-324.

ISRM., 1981. Rock characterization testing and
monitoring suggested methods, in: E.T.
Brown (Ed.), Pergamon Press.

Kahraman, S., Fener, M., Giinaydin, O., 2004.
Predicting the sawability of carbonate rocks
using multiple curvilinear regresion analysis.
International Journal of Rock Mechanics and
Mining Sciences 41, 1123-1131.

Karagoz, S., Zeren, M., 2001. The microstructural
design of diamond cutting tools. Materials
Characterization 47, 89-91.

Konstanty, J., 2000. Diamond bonding and matrix
wear mechanisms involved in circular
sawing on stone. Industrial Diamond
Review 60, 55-65.

Konstanty, J., 1991. The materials science of stone
sawing. Industrial Diamond Review 51, 27-
31.

Luo, S.Y., Liao, Y.S., 1993. Effects of diamond
grain characteristics on sawblade wear.
International Journal of Machine Tools and
Manufacture 3(2), 257-266.

Nalbant, M., Gokkaya, H., Sur, G., 2007.
Application of Taguchi method in the
optimization of cutting parameters for
surface roughness in turning. Materials and
Design 28, 1379-1385.

Ozgelik, B., Oktem, H., Kurtaran, H., 2005.
Optimum surface roughness in end milling
inconel 718 by coupling neural network
model and genetic algorithm. International
Journal of Advanced Manufacturing
Technology 27, 234-241.

Rosa, L.G., Amaral, M.P., Anjinho, C.A., Fernandes,
J.C., 2004. Evaluation of diamond tool
behaviour for cutting stone materials.
Industrial Diamond Review 1, 45-50.

Tonshoff, H.K., Hillmann-Apmann, H., Asche, J.,
2002. Diamond tools in stone and civil
engineering industry: cutting principles,
wear and applications. Diamond Related
Materials 11, 736-741.

Ucun, I., Bilyiiksagis, S.I., Aslantas, K., 2009.
Investigation of the effect on disc
performance of coolant containing boron oil
in marble sawing process. Journal of Faculty
of Engineering and Architecture of Gazi
University 24(3), 435-441 (in Turkish).

Wei, C., Du, HW., Wang, C.Y., Frag, Y.L., 2003.
Investigation on cutting forces in concrete
sawing process. Key Engineering Materials

250, 181-186.
Wright, D.N., Cassapi, V.B.,, 1985. Factors
influencing stone sawability. Industrial

Diamond Review 45, 84-87.

523



G. Aydin. I. Karakurt, K. Aydiner

Wright, D.N., Jennings, M., 1989. Guidelines for
sawing stone. Industrial Diamond Review
70-75.

Xu, X., 2001. Study on the thermal wear of diamond
segmented tools in circular sawing of
granites. Tribology Letters 10(4), 245-250.

Xu, X.P., Li, Y., Yu. Y., 2003. Force ratio in the
circular sawing of granites with a diamond
segmented blade. Journal of Materials
Processing Technology 139, 281-285.

Yasitli, E.N., 2008. Numerical modeling of circular
sawing mechanism. PhD thesis, Hacettepe
University Institute for the Natural and
Applied Sciences, Turkey (in Turkish).

Yilmaz, G.N., Goktan, M.R., Kibici, Y., 2011. An
investigation of the petrographic and
physico-mechanical properties of true
granites influencing diamond tool wear
performance, and development of a new
wear index. Wear 271(5-6), 960-969.

524



23" International Mining Congress & Exhibition of Turkey « 16-19 April 2013 ANTALYA

Numune Boyutunun Macun Dolgu Dayanimina Etkisi
Effect of Sample Size on the Strength of Paste Backfill

T. Yilmaz, M. izki, B. Ercikd1

Karadeniz Teknik Universitesi, Maden Miihendisligi Béliimii, Trabzon

OZET: Pratikte macun dolgunun dayanimi, genellikle 10x20 cm (boy/cap orami 2)
boyutundaki silindirik ornekler lizerinde yapilan tek eksenli basing dayanimi deneyi ile
belirlenmektedir. Son yillarda bazi arastirmacilar dolgunun dayanimini belirlemek i¢in 5x10
cm boyutundaki silindirik numuneleri kullanmaya baslamislardir. Bu ¢alismada Kastamonu-
Kiire bakir isletmeleri atik barajindan saglanan tesis atigi kullanilarak farkli karigim
Ozelliklerinde (farkli baglayict orani, su/¢cimento orani, baglayici tipi ve atik tane boyutu
siniflarinda) 10x20 cm ve 5x10 cm boyutunda numuneler hazirlanmigtir. 7-56 giinliik kiir
siireleri sonunda numuneler iizerinde tek eksenli basing dayanimi testi gergeklestirilmis ve
numune boyutunun macun dolgu dayanimina etkisi incelenmistir. 5x10 cm boyutundaki
macun dolgu numuneleri biitiin kiir siirelerinde ve karigim 6zelliklerinde %6-75 oraninda daha
yiikksek dayanim tiretmistir. Ayrica kiir siiresinin artmasiyla birlikte numuneler arasindaki
dayanim farki azalmistir. Elde edilen sonuglardan emniyetli ve ekonomik bir dolgu tasarimi
i¢cin numune boyutunun gdz oniine alinmasi gerektigi anlasilmustir.

ABSTRACT: In practice, the strength of cemented paste backfill (CPB) has been generally
determined with unconfined compressive strength (UCS) test using plastic cylinders with a
diameter x height of 10x20 cm. In recent years, some researchers have used plastic cylinders
with a diameter x height of 5x10 c¢m in order to determine the strength of CPB. In this study,
CPB samples produced from dam tailings obtained from Kastamonu-Kiire copper mine using
5x10 cm and 10x20 cm plastic cylinders were prepared at different mixture properties (at
varying binder dosages, water to cement ratios, binder types and particle size distributions).
The CPB samples were subjected to the UCS tests over a curing period of 7-56 days and the
effect of sample size on the strength development of CPB was investigated. CPB samples with
a diameter x height of 5x10 cm were observed to produce 6-75% higher UCSs than those of
10x20 cm at all curing times and mixture properties. Additionally, the strength gap between
small and large samples decreased with increasing curing time. These findings revealed that
sample size should be taken into consideration for a reliable and economical paste backfill
design.

1 GIRIS teknoloji, iilkemizde son on yildir Cayeli
Bakir Isletmelerinde (CBI) kullanilmakta
olup, 2013 yili igerisinde ise Efemgukuru
Altin madeni ve Kiire bakir isletmelerinde
uygulamaya konulacaktir (Yumlu, 2010,
Er¢ikdi  vd., 2012). Yeraltt tretim
bosluklarinin  doldurulmast i) topuklardan
cevher kazanimi saglamakta ve tahkimat
islevi gorerek yan odalarin (stope) iiretimi
esnasinda emniyetli c¢alisma  kosullari

Son  yillarda  cevher  zenginlestirme
atiklarinin ¢imentolu macun dolgu (CPB) ile
yeralti iiretim bosluklarma depolanmasi
birgok  yerali madeninde madencilik
faaliyetlerinin =~ Onemli ~ bir  pargasi
olusturmaktadir. Teknik, ekonomik ve
cevresel acidan sagladigi yararlar nedeniyle
Ozellikle Kanada ve Avustralya yeralt
madenciliginde giderek yayginlasmakta olan
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olusturmaktadir, i)  yeriisti  tasman
olusumunu minimize etmektedir ve iii) tesis
atiklarinin yeraltinda depolanmasini
saglamaktadir. Cimentolu macun dolgunun
isletme maliyetleri kaya ve hidrolik dolguya
kiyasla daha diigiikk olup, tesis atiklarmin
%65-70’inin  yeralt1 {iretim bogluklarinda
depolanmasina imkan saglamakta ve yeriistii
atik depolama ve rehabilitasyon maliyetlerini
azaltmaktadir. Uygun bir atik ydnetimi
yontemi olan macun dolgu ayrica, atmosferik
kosullar altinda depolanmasi durumunda
cevresel problemlere (AMD olusumu vb.)
yol acabilecek siilfiirlii atiklarin emniyetli bir
sekilde depolanmasini saglamaktadir
(Cetiner vd., 2006, Ak¢il ve Koldas, 2006).

Cimentolu macun dolgu; ince boyutlu
cevher zenginlestirme atiklari (agirlik¢a kati
oran1 %75-85), baglayici (kat1 miktaria gore
agirlikca %3-8) ve istenen akiskanligi ve kati
oranimi (%70-80) saglamak i¢in ilave edilen
suyun basarili bir karisimi olarak ifade
edilmektedir. Dolguyu olusturan bilesenlerin
(atik, baglayic1 ve karisim suyu) fiziksel,
kimyasal ve mineralojik karakteristigi
dolgunun kisa ve uzun dénem performansi
(dayanim, durayliik vb.), tasinmasi ve
yeralti iiretim bosluklarina yerlestirilmesi
acisindan 6nemli bir rol oynamaktadir. Tek
eksenli basing dayanimi (UCS) ve duraylilik
(uzun donemde fiziksel ve kimyasal etkilere
karg1 bitiinliginii korumasi) ¢imentolu
macun dolgu kalitesini belirleyen en 6nemli
parametrelerdir. Istenen limit dayanim
degerleri dolgunun yeraltindaki islevine
baglidir. Ornegin, yeralt1 iiretim bosluguna
yerlestirilen macun dolgunun yan odalarin
tiretimi ve dolgu ile doldurulmasi islemleri
tamamlanincaya kadar gecen siirede kendi
stabilitesini saglamas1 i¢in 28 giinliik kiir
siresinde en az 0,7 MPa dayanima sahip
olmasi ve 90 giin boyunca durayliligim
korumas:  gerekmektedir  (Brackebusch,
1994). Tavan tahkimati icin ise en az 4 MPa
dayanima sahip olmalidir. Ayrica daha erken
kiir siiresinde  dayanimin  kazanilmasi
madencilik islemlerini (ocagin dongii siiresi)
kisaltmakta ve iiretim iglemlerini
hizlandirmaktadir.

Dolgunun dayanim ve durabilitesi dolguyu
olusturan bilesenlerin fiziksel (tane boyut
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dagihmi, ozgil agirligi vb.), kimyasal
(baglayici tipi vb.) ve mineralojik (pirit ve kil
minerali igerigi vb.) 6zellikleri ve yeraltt kiir
kosullar1  (sicaklik, yanal basing etkisi,
konsolidasyon, patlatma kaynakli titresimler
vb.) ile iliskilidir. Son yillarda dolguyu
olusturan bilesenlerin 6zelliklerinin ve yeralti

kiir kosullarinin  dolgu  performansina
etkisine yonelik c¢ok sayida ¢aligma
gergeklestirilmesine kargin numune
boyutunun etkisi gozardi edilmistir. Bu

calismada ayn1 boy/¢ap oranina (2:1) sahip
farkli numune boyutlarinin dolgu dayanimina
etkisi detayli olarak incelenmistir.

1.1 Numune Boyutunun Onemi

Numune boyutunun kaya ve ¢imento igerikli
(beton ve dolgu) malzemelerin mekanik
performansini etkiledigi belirtilmistir. Brace
(1981) ve Hoek (2000), kayalarda
numunenin boyutu arttik¢a, diger bir ifade ile
hacmi arttik¢a, kaya igerisindeki muhtemel
mikro  catlak  sayisinin @ ve  zayiflik
diizlemlerinin  arttigim1 = ve  dayanimin
diistiiglinii ifade etmistir. Darlington vd.
(2011), numune boyutunun  betonun
dayanimina etkisini arastirmak i¢in boy/cap
orant 2:1 olan farkli boyutlarda beton
numunesi hazirlamistir. 28 giinliik kiir stiresi
sonunda gergeklestirilen tek eksenli basing
dayanim testi, 6,35x12,7 cm (cap x boy)
boyutundaki numunelerin 8,35x16,7 cm
boyutundaki numunelere kiyasla yaklasik
%10 daha fazla dayanmim {rettigini
gostermistir. Benzer sekilde Felekoglu ve
Tiirkel (2005), numune boyutunun beton
orneklerinin dayanimina etkisini arastirmak
amaciyla farkli boyuttaki (boy/cap orani:2)
numuneler  lizerinde  dayanim  testi
gerceklestirmistir. Arasgtirmacilar, 10x20 cm
(capxboy) boyutundaki numunelerin 15x30
cm boyutundaki numunelere kiyasla 28
giinliik kiir siiresi sonunda daha yiiksek
(%3.6-21.8 oraninda) dayanim ftrettigini ve
bunun nedeninin kii¢iik boyutlu numunelerde
“ceper etkisi” nedeniyle iri agrega tanelerinin
askida kalmasi (kaliba siirtiinmeden dolay1)
sonucu olusan diisik kompaksiyondan
kaynaklandig belirtilmistir. Ayrica iri taneli
malzemelerin boyutu, sekli (yuvarlak ve
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koseli olmasi) ve kenetlenme derecelerinin
de dayanmim kazaniminda etkili oldugu
bilinmektedir.

Hassani vd. (2007), li¢ farkli ¢imentolu
dolgu tipinde (atik- kum karigimi dolgu,
agrega karigimli macun dolgu ve kaya dolgu)
farkli caplardaki silindirik numunelerin
dayanim testlerini yapmuslardir. Kaya dolgu
ile hazirlanan 6rneklerin dayanimi numune
boyutunun artmasiyla birlikte azalmistir.
Atik-kum  karisimi  dolgu ile hazirlanan
numunelerin dayanimi ise 15,2 cm ¢apa
sahip numune boyutuna kadar artmis, fakat
daha sonra Ornek boyutunun artmasiyla
birlikte dayanim azalmistir. Agrega karigimli
macun dolgu ile hazirlanan numunelerin
dayanimlarinda ise boyut etkisinin gozardi
edilebilecek  seviyede  oldugu  tespit
edilmistir.

Cimentolu macun dolgu numunelerinin
tek eksenli basing dayanimi genellikle 10x20
cm (¢cap x boy) boyutundaki silindirik
numunelerden elde edilmektedir
(Benzaazoua vd., 1999, Hassani vd., 2001;
Kesimal vd., 2004, Fall vd., 2008; Tariq ve
Nehdi, 2007; Yilmaz vd., 2009; Er¢ikdi vd.,
2010a,b; Cihangir vd., 2012; Yin vd., 2012).
Ayrica tesis uygulamalarinda da maden
operatorleri macun dolgu karisim dizaynini
10x20 cm boyutundaki numuneden elde
ettikleri ~ dayanim  sonuglarina  gore
yapmaktadirlar (Landriault ve Deneka, 2000;
Benzaazoua vd., 2005; Kesimal vd., 2010,
2012). Son yillarda bazi aragtirmacilar (Klein
ve Simon, 2006; Fall ve Pokharel, 2010; Fall
vd., 2010) kullanilan atik malzeme miktarini
ve is yiiklinli azaltmak i¢in boy/¢ap orani 2:1
olan 5x10 cm (¢ap x boy) boyutundaki
numuneleri dayanim testine tabi
tutmaktadirlar. Ancak arastirmacilar numune
boyutunun kaya ve betonda oldugu gibi
¢imentolu macun dolgu dayanimi iizerinde

de etkisinin olabilecegini gbéz Oniinde
bulundurmamislardir. Benzer sekilde
yeraltindan alman macun dolgu karot
orneklerinin boy/¢ap orant 2:1 olmasina
karsin  boyutu kiigik (NX  boyutlu)
olabilmektedir. Revell (2004), numune
boyutunun  ¢imentolu  macun  dolgu

dayanimina etkisini arastirmak amaciyla
boy/cap orani 2:1 olan 10x20 cm ve 4x8 cm

(cap x boy) boyutundaki silindirik numune
kaplarin1 kullanarak %6 baglayici oraninda
numuneler hazirlamis ve 7-28 giinliik kiir
stirelerinde dayanim testine tabi tutmustur.
4x8 cm boyutundaki numuneler 10x20 cm
boyutundaki numunelere kiyasla %6-10
oraninda (7 ve 28 giinliik) daha yiiksek
dayanim iiretmistir.

2 DENEYSEL CALISMALAR
2.1 Atik Malzeme

Atik malzeme, Eti Bakir Kastamonu — Kiire
isletmesi atik barajindan alinmig, belli bir
miktart hidrosiklon vasitasiyla siniflandirma
islemine tabi tutularak ince (slam) boyutlu
malzeme uzaklastirilmis ve 500 kg kapasiteli
varillere doldurularak KTU Macun Dolgu
Laboratuarina getirilmistir.

Malvern Mastersizer ile atik malzemeler
iizerinde yapilan tane boyut dagilimi analizi
sonuglarina gore 20 pm alt1 malzeme miktari
referans  baraj atuf igin  %58,42,
smiflandirilmis (slami uzaklagtirilmig) baraj
atig1 icin %35,04 olarak belirlenmistir (Sekil
1). Referans baraj atifinin ince boyutlu
macun dolgu malzemesi (malzemenin
agirlikca %60-90° <20 um) smifina yakin
seviyede oldugu, smiflandirilmis atigin ise
orta taneli macun dolgu malzemesi
(malzemenin agirlik¢a %60-90° <20 um)
smifina  girdigi goriilmektedir. Iri taneli
atiklarin  drenaj yoluyla daha fazla su
biraktig1 ve ince taneli atiklara kiyasla daha
yiiksek dayanim trettigi belirtilmektedir.
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Sekil 1. Atiklarin tane boyut dagilimlari
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Atiklarin kimyasal bilesimi XRF ve yas
kimyasal analiz sonucu ICP AES cihaz ile
silfir icerigi ise gravimetrik analizle
belirlenmistir (Tablo 1). Referans ve
siiflandirilmis baraj atiklariin stilfiir igerigi

olduk¢a yiiksektir. Siniflandirma islemi
(slam uzaklagtirma) sonucu ince
fraksiyonlardaki  silikat  minerallerinin

uzaklagmasiyla baraj atiginin SiO,+AlL0;
icerigi azalmis ve silfir igerigi artmistir
(%27.82). Ornegin, atik igerisindeki ince
malzeme miktarinin  azalmasiyla baraj
atiginin ~ SiO,+ALO; igerigi  %32,48’den
%26,63’e diismiistiir. Ayrica atik igerisindeki
iri tane miktarmin artmasiyla birlikte 6zgiil
yiizey alanin azaldigi ve 06zgil agirligin
arttig1 gorilmistiir.

Tablo 1. Atiklarin kimyasal ve fiziksel
bilesimi

. Baraj Siiflandirilmis
Ozellikler atig1 baraj atif1

(%) (%)
Kimyasal bilesim
SiO, 25,80 21,21
ALO; 6,68 5.42
Fe,0; 39,83 45,43
MgO 2,14 2,21
CaO 2,79 1,64
Na,O 0,35 0,24
K0 0,42 0,31
TiO, 0,43 0,38
P,0s 0,03 0,03
MnO 0,06 0,05
Cr,0; 0,02 0,017
Kizdirma kayb1 20,6 21,9
Toplam 99,15 98,84
Siilfiir igerigi (S?) (%) 23,18 27,82
Pirit igerigi (FeS,) (%) 43,47 52,16
Fiziksel 6zellikler
Ozgiil agirhk 3,66 3,81
Ozgiil yiizey (cm%/g) 4630 1810
Egrilik katsayist

0,99 1,74
(Ce=(D30)*/(D1o xDgo)
Uniformluk katsayist

11 10,84

(Ci=(De/D10)
2.2 Baglayic1 Malzeme

Deneysel caligmalarda baglayic1 malzeme
olarak; Akcansa ¢imento fabrikasindan temin
edilen Portland (CEM 1 42,5) ve siilfata
dayanikli  ¢imento (SDC  32,5) ile
Kargimsa’dan temin edilen yiiksek firin
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cliruflu ¢imento (CEM III/A 42,5 N)
kullanilmigtir.  Kullanilan  baglayicilarin
kimyasal, fiziksel ve mineralojik 6zellikleri
Tablo 2’de verilmistir. CEM II/A 42.5 N
tipi ¢imento dayanim ve durayliligi artirmak
ve baglayict maliyetlerini azaltmak igin %35
oraninda Ogiitilmiis yliksek firm ciirufu
igermektedir.

CEM 1 42,5 tipi cimentonun kalsiyum
silikat icerigi (C;S ve C,S) SDC 32,5’¢ yakin
olmasma karsin alkali-silika ve asit/siilfat
etkisi gibi zararli kimyasal reaksiyonlarda
onem arz eden C;A icerigi yiiksektir. Silfiir
icerigi ylksek atiklardan iiretilen macun
dolguda asit ve siilfat etkisi nedeniyle
olusabilecek duraylilik kaybini engellemek
icin C3A icerigi diisik veya mineral katki
maddesi (ciiruf vb.) iceren baglayicilarin
kullanilmas1  onerilmektedir. Ancak bu
calismada uzun donem dayanim testleri
yapilmadigindan baglayicilarin olasi asit ve
silfat  etkisine  karst  performanslar
degerlendirilmemistir.

Tablo 2. Baglayicilarin fiziksel, kimyasal ve
mineralojik 6zellikleri

P CEM142,5 CEMIIVA SDC 325
Ozellikler (%) 425N (%) (%)
Kimyasal bilesim

SiO, 20,57 27,58 20,88
Al,O; 4,81 7,04 3,84
Fe,0; 3,67 2,37 4,52
MgO 1,35 3,91 1,49
SO, 2,97 2,91 2,84
CaO 65,27 52,75 64,56
Na,O 0,41 0,25 0,31
K,0 0,85 1,06 0,67
TiO, 0,45 0,40 0,33
P,05 0,13 0,03 0,10
MnO 0,11 1,00 0,12
Cr,04 0,075 0,015 0,177
Serbest CaO 1,19 - 0,43
Kizdirma

kayb1 2,1 2,8 2,8
Toplam 99,90 99,87 99,87
Fiziksel 6zellikler

Ozgiil agirlik 3,14 3,08 3,27
Ozglil ylizey 4335 4260 3170
(cm’/g)

Mineralojik bilesi

CsS 58,44 - 61,96
C,S 14,95 - 13,18
C;A 6,54 - 2,54
C,AF 11,16 - 13,74
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2.3 Numune Hazirlama ve Dayanmim Testi

Atik, baglayict ve su kullanilarak farkl
karisim 6zelliklerinde (farkli baglayici orani,
su/¢cimento orani vb.) hazirlanan 5x10 cm ve
10x20 cm Dboyutundaki macun dolgu
numuneleri onceden belirlenmis kiir siireleri
(7, 14, 28 ve 56 giin) sonunda tek eksenli
basing dayanimi testine tabi tutulmustur.
Baglayici malzeme karisima, deneylerde
kullanilan slamp degerlerine karsilik gelen
katt  oranlarna  (%73,58-80,17)  gore
hesaplanarak ilave edilmistir. Macun dolgu
karigiminin  istenen akiskanliga (kivama)
gelmesi  i¢in  karigim  igerisine  gerekli
miktarda musluk suyu ilave edilmistir.
Karisimin (atik malzeme, baglayict ve su)
homojen bir sekilde hazirlanmasi i¢in 20,8 1t
kapasiteli Univex SRMF 20 model mikser
kullanilmigtir.  Karistirma  iglemi 105
devir/dk’lik dénme hizinda 7 dakika siireyle
yapilmustir.

Baglayici oraninin etkisi %5, 6 ve 7
¢imento oraninda ve sabit akigskanlikta (19,05
cm slamp) degerlendirilmistir. Su/cimento
oraninin etkisi sabit baglayici oraninda ve
farkli su ¢imento oranlarinda (4,62, 4,87 ve
5,13)  incelenmistir.  Baglayict  tipinin
dayanima etkisi sabit baglayict orani (%7) ve
akigkanlikta (19,05 cm slamp) farkh
baglayicilar (CEM 142,5, CEM III/A 42,5 N
ve SDC 32,5) kullanilarak arastirilmistir.
Tane boyut dagilminin etkisi ise sabit
baglayict orant (%7), akiskanlik (19,05 cm
slamp) ve ¢imento tipinde (CEM III/A 42,5
N) referans Dbaraj atigi ve slamu
uzaklastirilmig (smiflandirilmis) baraj atigi
kullanilarak degerlendirilmistir.

Hazirlanan macun dolgu karigimi 5x10 cm
ve 10x20 cm boyutlarindaki drenajli silindir
numune kaliplarina dokiilmiis ve 7-56
giinliik kiir stiresi araliginda kiir odasinda
(%80 nem ve 25 C° sicaklik) bekletilmistir.
Her bir kiir siiresi i¢in 3 adet 5x10 cm
boyutunda ve 3 adet 10x20 cm boyutunda
olmak {izere 6 adet numune hazirlanmigtir
(Sekil 2). Toplam 192 adet numunenin tek
eksenli basing dayanimi dnceden belirlenen
kiir siireleri sonunda yiik kapasitesi 50 kN ve
0,5 mm/dk’lik bir yiikleme hizina sahip ELE
marka bilgisayar kontrolli basing ve

deformasyon iinitesinde ASTM C 39 (2005)
tarafindan  Onerilmis yonteme gore
gergeklestirilmigtir.  Her iki  boyuttaki
silindirik numunelerin boy/¢ap orani 2:1
olup, numunelerin alt ve iist yiizeyleri deney
oncesi diizeltilmistir. Her bir kiir siiresi igin
3’er adet numune test edilmis ve bulgularin
yorumlanmasinda elde edilen ortalama
dayanim degerleri kullanilmustir.

Sekil 2. Farkli boyuttaki (5x10 cm ve 10x20
cm) numunelerin goriiniimii

3 BULGULAR VE TARTISMA
3.1 Baglayic1 Oranimin Etkisi

Baglayic1 orani, macun dolgunun mekanik
performansi ve isletme maliyetleri ilizerinde
onemli bir rol oynar. Kullanilan baglayicinin
dolgu isletme maliyetlerinin %40-75’ini
teskil ettigi goz Oniine alindiginda, istenen
dayanimi  verecek optimum  baglayici
oraninin  belirlenmesi  &nemli  ekonomik
kazanimlar saglayacaktir. Sekil 3, baraj atig1
ve CEM III/A 42,5 N kullanilarak farkli
baglayici orani (%5-7) ve numune boyutunda
hazirlanan macun dolgu numunelerinin 7-56
giinliik kiir siiresi sonundaki tek eksenli
basing dayanimi sonuglarini gostermektedir.
Beklenildigi  lizere, her iki numune
boyutunda da baglayict oranmin ve kiir
sliresinin ~ artmasiyla  birlikte  dayanim
kazaniminin arttig1 goriilmektedir. Baglayici
miktar arttik¢a ortamda daha fazla baglayici
jeli (C-S-H ve portlandit) olusmakta ve
dolgunun dayanimi artmaktadir.
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Sekil 3. Baglayici oraninin dolgu dayanimina etkisi (a) ve kiir siiresine bagli k degerleri (b)

28 giinde en yiliksek dayanimi (0,695 MPa)
5x10 cm boyutunda hazirlanan numunelerin
sagladig1 goriilmektedir. Pratikte istenen 28
giinlik dayanim degerine (=0,7 MPa) hicbir
baglayict oran1 ve numune boyutunda
ulagilamamustir.

5x10 cm boyutuna sahip macun dolgu
numuneleri, 10x20 ¢cm boyutlu numunelere
kiyasla biitiin baglayic1 oranlar1 ve kiir
stirelerinde daha yiiksek basing dayanimi
dretmistir  (Sekil 3a). Kaya ve beton
malzemesine kiyasla daha homojen bir
yapida olmasina ve goriiniirde belirgin bir
farklilik

olmamasina  karsin, numune
boyutunun  artmasiyla  birlikte  6rnek
icerisinde kusur olma olasiligt (mikro

bosluklar ve zayiflik diizlemleri) artmaktadir.
Yiiklemeye devam edildik¢e Ornegin iginde
bulunan mikro-kusurlar ¢evresinde gerilme
birikimleri olusmaktadir. Deformasyonun
artmastyla bu kusurlar biiylimekte ve kirilma
diizlemi/diizlemleri  olusarak  malzeme
yenilmektedir. Dolayisiyla numune
boyutunun artmasiyla olusacak daha fazla
mikro-kusur ~ boyunca deformasyonlar
olugsmaya baslayacak ve sonugta malzemenin
daha kolay yenilmesine yol acacaktir (Unver,
2012).

5x10 cm boyutlu numunelerin dayanim
degerlerinin 10x20 cm boyutlu numunelerin
dayanim degerlerine boliinmesiyle elde
edilen k (T.E.B.D5x10/T.E.B.D10X20) degerleri
incelendiginde (Sekil 3b), 5x10 cm
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boyutundaki numunelerin 10x20 cm boyutlu
numunelere kiyasla 1,06-1,52 kat daha
yiksek dayanmim irettigi  goriilmektedir.
Ayrica iki farkli numune boyutu arasindaki
dayanim farki erken kiir siirelerinde (7-14)
yiiksek, ilerleyen kiir siirelerinde (28-56) ise
nispeten diigiiktiir. Kiicik  boyutlu
numunelerin daha hizli kurumast ve nem
iceriklerinin diisiik olmasi nedeniyle erken
kiir siirelerinde daha yiikksek dayanim
kazaniminin gergeklestigi  diistiniilmektedir.
Buna karsin biiylik boyutlu numunelerin
kurumas: baslangicta nispeten daha yavas
olmakta ve bu nedenle erken kiir siirelerinde
dayanim farki artmaktadir. Kiir siiresinin
artmastyla birlikte biiyiik boyutlu
numunelerin nem igerigi azaldigindan dolay1
ilerleyen kiir siirelerinde dayanim farki erken
kiir silirelerine kiyasla daha diisiik seviyede
olmaktadir.

3.2 Su-Cimento Oraninin Etkisi

Dolgunun tesisten yeralt1 iiretim bosluklarina
borularla nakledilebilmesi igin belli bir
akigkanliga (6-10" slamp) sahip olmasi
gerekmektedir. Ancak akigskanlik arttikca
su/cimento oranit artmakta ve dolgunun
dayanimini olumsuz yonde etkilemektedir.
Bu nedenle optimum su/¢imento oraninin
belirlenmesi hem  dolgunun  mekanik
performansi hem de yeraltina tasinabilirligi
agisindan 6nem arz etmektedir.
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Sekil 4. Su ¢imento oraninin dolgu dayanimina etkisi (a) ve kiir siiresine bagl k degerleri (b)

Sekil 4, 6,5-8,5" slamp akiskanlhiga karsilik
gelen su/cimento oranlarinda (4,62, 4,87,
5,13) CEM III/A 42,5 N tipi ¢imento
kullanilarak %7 ¢imento oraninda hazirlanan
10x20 cm ve 5x10 cm boyutlarindaki macun
dolgu numunelerinin 7-56 giinliik kiir stiresi

sonundaki tek eksenli basing dayanim
sonuglarin1  gostermektedir.  Beklenildigi
iizere, her iki numune boyutunda da

su/¢cimento oranmin azalmasiyla dayanim
artis gostermistir (Sekil 4a). Su/¢imento
oraninin 5,13’den 4,62’ye diismesiyle basing
dayanimi 1,17-1,54 kat artmistir. Benzer
sekilde, 5x10 cm boyuta sahip numuneler
biitiin kiir siirelerinde 10x20 cm boyutundaki
numunelere kiyasla daha yiliksek basing
dayanimi iretmistir. 28 giinlik kiir siiresi
sonunda istenen dayanimi (=0,7 MPa) 10x20
cm boyutundaki hi¢bir numune saglamamis
olup, sadece en diisiik su ¢imento oraninda
hazirlanan 5x10 cm boyutundaki numuneler
saglamustir (0.777 MPa).

Kiir siiresine bagli olarak ayni karisim
ozelliklerine sahip farkli numune
boyutundaki numunelerin dayamim farklar
incelendiginde (Sekil 4b), k degerlerinin
(T.EB.Dleo/T.E.B.D]Oxzo) 7-14 gunluk kiir
stirelerinde 1,28-1,75 arasinda, 28-56 giinliik
kiir siirelerinde ise 1,06-1,25 arasinda

degistigi goriilmektedir.

3.3 Baglayia Tipinin Etkisi

Sabit baglayic1 oraninda (%7) CEM 1 42,5,
SDC 32,5 ve CEM III/A 42,5 tipi ¢imento
kullanilarak hazirlanan 10x20 cm ve 5x10
cm boyutlarindaki macun dolgu
numunelerinin dayanim sonuglar1 Sekil 5°de
verilmistir. Her iki numune boyutunda da en
yiiksek dayanimi Portland ¢imentosu (CEM I
42)5) ile hazirlanan numuneler, en diisikk
dayanimu ise siilfata dayanikli ¢gimento (SDC
32,5) ile hazirlanan numuneler {iretmistir.
Bunun baglica nedeni Portland ¢imentosunun
28 giinlik basing dayaniminin (42,5 MPa)
daha yiiksek olmasindan kaynaklanmaktadir.
Ancak silfir igerigi yiiksek atiklardan
hazirlanan numunelerde Portland ¢imentosu
gibi C;A  igerigi yiiksek baglayicilarn
kullanilmas1 durumunda asit ve siilfat etkisi
nedeniyle uzun donemde (=90 giin) dayanim
kayb1 olusabilmektedir. Bu gibi durumlarda
siilfata dayanikli ¢imento veya portland
kompoze ¢imento kullanimi Onerilmektedir.
CEM III/A 42,5 N tipi ¢imento ile hazirlanan
numunelerin dayanimi erken kiir siirelerinde
(7-14 giin) CEM 1 42,5 ile hazirlanan
numunelere kiyasla diisiik olmasina karsin,
ilerleyen kiir siirelerinde (28 ve 56 giin)
CEM 1 42,5’e yakin dayanim kazanim elde
ettikleri  goriilmektedir. Demirboga vd.
(2004) puzolanlarin  hidratasyon 1sisin1
diistirdiigiinii ve dayanim kazanim i¢in daha
uzun kiir siiresine ihtiyag duyuldugunu
belirtmistir.
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Sekil 5. Baglayici tipinin dolgu dayanimina etkisi (a) ve kiir siiresine bagl k degerleri (b)

Ayrica belirli  bir hidrolik baglayici
ozelligi (CaO igeriginin yiiksek olmasindan
dolay1) bulunan ogiitiilmiis yiiksek firm
ciirufu, klinkerin hidratasyonu sonucu agiga
¢itkan Ca(OH), ile reaksiyona girerek
baglayici jeli (C-S-H) olusturmakta ve bu
nedenle CEM III/A 42,5 N tipi ¢imentonun
yeterli dayanim kazanimi i¢in daha uzun kiir
siiresine ihtiya¢ duyulmaktadir. Karigimin
hazirlanmasinda baglayict olarak Portland
¢imentosu (CEM 1 42,5 R) kullanilmas1 ve
boyutu 5x10 c¢cm olan numunelerin secilmesi
durumunda istenen mekanik performans (28
giinde >0,7 MPa) i¢in %7 baglayict oraninin
yeterli oldugu goriilmektedir (Sekil 5a).
Ancak, 10x20 cm boyutundaki numunelerin
28 giinde istenen dayanimi saglamasi igin
daha fazla ¢imentoya gereksinim duyduklar

anlagilmaktadir. Bu durum  emniyetli,
ekonomik bir dolgu tasarimi agisindan
numune  boyutunun  Onemini  ortaya
koymaktadir.

5x10 cm boyutlu numunelerin dayanim
degerlerinin 10x20 ¢cm boyutlu numunelerin
dayanim degerlerine bdoliinmesiyle elde
edilen k (T.EB.D5x10/T.E.B.D10x20) degerleri
kiir siiresinin artmasiyla birlikte azalmigstir
(Sekil 5b). k degerleri erken kiir siirelerinde
1,22-1,47 arasinda, ilerleyen kiir siirelerinde
ise 1,06-1,26 arasinda degismektedir.
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3.4 Tane Boyut Dagiliminin Etkisi

Atik tane boyutu, dolgunun mekanik ve

reolojik (akigkanlik) ozelliklerini
etkilemektedir. Fall vd. (2005) iri taneli
atiklardan ~ hazirlanan ~ macun  dolgu

karisgimlarinin iri ve orta taneli atiklardan
hazirlanan karigimlara kiyasla drenaj yoluyla
daha fazla su biraktigini belirtmistir. Daha
fazla suyun drene olmasi, mikro yapinin
iyilesmesine (diisiik porozite ve bosluk
oraninin olusmasi) ve dolgu dayaniminin
artmasimna neden olmaktadir. Ancak bu
durumda macun dolgunun borularla yeraltina
taginmast  ve  mikserde  karistirilmasi
esnasinda oturma ve ayrisma olusabilir
(Er¢ikdr vd., 2013). Bu nedenle optimum
atik tane boyut dagilimmin belirlenmesi
kritik 6neme sahiptir. Daha once yapilan
caligmalarda dolgu dayanimi ve reolojik
ozellikleri agisindan optimum 20 pm alti
ince malzeme miktarinin agirlikga %25-30
oraninda olmasi gerektigi  belirtilmistir
(Kesimal vd., 2003; Fall vd., 2005).

Sekil 6, referans ve siniflandirilmis (slami
uzaklastirllmis) baraj atig1 kullanilarak farkl
numune boyutunda ve sabit baglayici oranm
(%7) ile slampta (19.05 cm) hazirlanan dolgu
numunelerinin = 7-56 giinliik  kiir  siiresi
sonundaki dayanimini géstermektedir.
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Sekil 6. Atik tane boyutunun dolgu dayanimina etkisi (a) ve kiir siiresine bagh k degerleri (b)

Smiflandirtlmis (slami uzaklastirilmig) baraj
atig1 ve CEM III/A 42,5 N kullanilarak farkl
boyutlarda hazirlanan numuneler aym
baglayict oram1 (%7) ve akiskanlikta (19,05
cm) referans atikla hazirlanan numunelere
kiyasla daha yiiksek dayanim iiretmistir.
Sadece siiflandirilmis  baraj atig1
kullanilarak hazirlanan 10x20 cm
boyutundaki numuneler 28 giinde istenen
dayanim degerini vermistir (0,711 MPa)
(Sekil 6a).  Ayrica numune boyutu arttikca
dayanim azalma gostermis ve kiir siiresinin
artmasiyla  birlikte numune boyutlarn
arasindaki dayanim farki azalmigtir (Sekil
6b). Smiflandirmanin (slam uzaklastirma)
dayanim kazanimma olumlu etkisi su
birakma kapasitesindeki artis (¢imento/su
oraninda artis vb.) ve tane boyut
dagilimindaki iyilesme ile iligkilendirilebilir.
Karisim  igerisinde ince tane miktari
azaldikca ¢imento ve su ile etkilesimi gerekli
ylizey alam1 azalmaktadir. Bu nedenle
simiflandirilmis atiklardan hazirlanan macun
dolgu karigimi ayn1 akigkanliga daha yiliksek
katt  oraninda  ulagsmaktadir.  Istenen
akiskanligi (19,05 cm slamp) saglayan kati
oraninin artmasi yeralti iiretim bosluklarina
daha fazla atik malzemenin depolanmasina
imkan saglamaktadir. Er¢ikdi vd. (2013)
siniflandirilmis atiklardan hazirlanan macun
dolgu uygulamasinin baglayict tiiketimini
%13-25 oraninda azalttigimi ve Ozellikle
silfurlii atiklardan firetilen dolgunun uzun

dénem
belirtmistir.

duraylhiligim iyilestirdigini

4 SONUCLAR

Bu c¢alismada farkli boyutlarda (boy/cap
orant 2:1) ve karigim Ozelliklerinde (farkli
baglayici tipi ve orani, su/¢imento orant vb.)
hazirlanan silindirik numunelerin  macun
dolgu dayanimina etkisi incelenmistir.
Kullanilan atik ve baglayicilarin ayrintil

fiziksel, kimyasal ve mineralojik
karakterizasyonu yapilarak dayanim
kazanimmimna  etkileri  degerlendirilmistir.

Genel olarak baglayict oraninin artmasi ve
su/cimento oranmin azalmasiyla biitiin kiir
stirelerinde dayanim artis gostermistir. Atiga
uygun baglayict tipinin  belirlenmesinin
dolgu dayanim ve durayliligr acisindan
onemli  oldugu ortaya  konulmustur.
Smiflandirma (slam uzaklastirma) igleminin
dolgu dayanimi fizerinde olumlu bir etki
yaptig1 belirlenmistir. Genel olarak biitiin kiir
siirelerinde ve karisim ozelliklerinde kiiciik
boyutlu (5x10 ¢cm) numunelerin daha yiiksek
dayanim drettigi ve istenen mekanik
dayanim igin daha az g¢gimento kullaniminin
yeterli  olacagi  gOrilmiistir. ~ Ancak
baslangigta ~ 10x20 cm  boyutundaki
numunelerden elde edilen sonuglara gore
tasarimt yapilan dolgunun performansinin
takibi  farkli  boyutlardaki numunelerle
gerceklestirilmesi ~ durumunda  yaniltic
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sonuclar elde edilecektir. Bu durumda
yeraltinda bazi sorunlarla (kiigiik capli gociik
vb.) karsilasilacak ve sonugta is giicl
kaybina ve iiretim veriminin azalmasina
neden olacaktir. Bu nedenle emniyetli ve
ekonomik bir dolgu uygulamasi agisindan
numune boyutunun dayanim {izerine etkisi
g0z oniline alinmalidir.
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Zayif Kayaglarda Kohezyonun Dolayl Olarak Tahmini
Indirect Estimation of Cohesion in Weak Rocks

E.Koken
Biilent Ecevit Universitesi, Maden Miihendisligi Boliimii, Zonguldak

OZET Zayif kayaglarn jeomekanik 6zelliklerinin belirlenmesi, uygun boyutlarda karot almmasmimn
zorlugu ve deneyler sirasinda siklikla karsilagilan sorunlar (olusan yenilme yiizeyinin diizensizligi, ti¢
eksenli basing deneyindeki yanal basing segimi, deney esnasinda kayagtaki ezilmeler vb.) sebebiyle cogu
kez giivenilir bir sekilde gerceklestirilememektedir. Ozellikle bu durum tek eksenli basing, ii¢ eksenli
basing ve deformobilite deneylerinde kendini agik¢a gostermektedir. Bu calismada zayif kayaglarin
(6.<50MPa) kohezyonunun dolayl olarak belirlenmesi i¢in 13 farkli kayag iizerinde (kiltasi, silttas,
traverten, kumtagi, andezit, konglomera, tiif vb.) bir dizi kaya mekanigi deneyleri yapilmustir. Deney
yontemlerinin se¢iminde numunelerin kolay hazirlanmasi ve pratik deneyler (dolayh ¢ekme dayanimi, P-
dalgasi hiz1 vb.) olmasma dikkat edilmistir. Ayrica, kayaglarin ayrisma-bozunma durumlar da g6zoniinde
bulundurularak basit ve ¢oklu regresyon analizleri gergeklestirilmistir. Gelistirilen modellerin uygunlugu
ki-kare uygunluk testi ile kontrol edilmis ve 6nerilen gorgiil bagintilarn gegerli oldugu goriilmiistiir. Sonug
olarak, zayif kayaglarin kohezyonunun 6nerilen gérgiil bagintilar ile yeterli giivenilirlikte dolayli olarak
tahmin edilebilecegi belirlenmistir.

ABSTRACT Estimation of the geomechanical properties of weak rocks cannot usually be realized
reliably due to the difficulties encountered in obtaining the core samples with proper dimensions and those
encountered during the tests (i.e. disorder in the failure surfaces occurred, selection of the confining
pressure in triaxial tests and crushing in core samples during the test). This situation is seen in uniaxial
compression, triaxial compression and deformability tests in particular. In this study, several rock
mechanics tests have been performed on thirteen different rock types (i.e. claystone, siltstone, travertine,
sandstone, andesite, conglomerate, tuff etc.) in order to indirect estimate the cohesion of weak rocks
(0.<50MPa). In selection of the tests, special attention has been paid to ease of preparation of rock samples
and selecting tests that are practically performable (i.e. indirect tensile strength test, P-wave velocity etc.).
Besides, simple and multiple regression analysis have been conducted considering the weathering degree
of the rocks used. The convenience of developed models has been verified by x* suitability test and it has
been seen that the models are eligible. It was concluded that the cohesion of weak rocks could be estimated
with sufficient reliability by the proposed empirical formulas.

1 GiRiS elde edilmesini giiglestirmektedir. Bu durum saha

. o ve proje mithendislerinin ¢ogu kez en uygun
Zayif kayaglarm jeomekanik Ozelliklerinin net | oo i oo yapabilmelerine  engel
olarak ortaya konmasi, cogu kez saglikh bir sekilde ;4 Baz durumlarda ise tasarnm icin
gerceklestirilememektedir. Uygun boyutlarda karot

s " gerekli girdi parametrelerinin sayisal olarak temin
almamayisi, kayaclarn suya olan hassasiyetleri,

edilemeyisi, bunun yerine eski tecriibelerin
ayrisma-bozunma dumn}lan ve deney esnasinda kullamlis1 (6zellikle tiinel, sev, temel ve tahkimat
karsilagilan sorunlar saglikli deney sonuglarmin
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tasariminda), proje maliyeti, giivenilirligi ve is
giivenligini  dogrudan  etkilemektedir.  Cagin
gereklerine uygun mithendislik tasarmmy; yeterli
sayida giivenilir verinin tecriibeli ekipler tarafindan
degerlendirilmesi ve bu dogrultuda yapilan
caligmalarmn bir biitiinii olarak tanimlanmaktadir.

Olaya bu agidan bakildiginda, kaya malzemesi
daha genis anlamiyla da malzeme bilimi ile
ilgilenen  biitlin  disiplinlerde,  kullanilacak
malzemeye ait istenen fiziksel ve mekanik
biiyiikliiklerin belirlenmesinde ilgili standartlara
uygun boyutlarda numune hazirlamak oldukca
onemlidir. Celik, beton, demir ve teknolojik
imkanlar dahilinde hazirlanan diger malzemeler
genellikle homojen ve izotrop olarak kabul
edilmektedir. Bu malzemelerden elde edilen deney
sonuclarndaki  sapmalar ve olast sorunlar,
genellikle imalat hatalarn, operator etkisi ile
kullamlan ~ deney  setindeki  problemlerden
kaynaklanmaktadir. Buna karsmn, kaya malzemesi
ve kiitlesi ile ilgilenen disiplinlerde (kaya mekanigi,
mithendislik jeolojisi vb.) ise, saglikli deney
sonuclarmin  alimamayigmin birden ¢ok sebebi
olabili. Bu sebeplerin basinda kullamlan
malzemenin dogasi geregi var olan diizensizlikler
akla gelmektedir. Bu diizensizlikler; kayagtaki
makro ve mikro siireksizlikler, tabakalanma,
kayacin dolgu durumu, mineralojik bilesim,
ayrisma-bozunma durumu ve anizotropi 6zelligi
olarak siralanabilir.

Araziden alman, aynigmanug, az sayida
siireksizlik igeren ve en az derecede Orselenerek
temin edilmis kaya bloklarmdan hazirlanan,
siireksizlik ve herhangi bir arza icermeyen
numuneleri homojen ve izotrop kabul ederek
kayaglara ait istenen fiziksel ve mekanik
biiyiikliikler elde edilmektedir. Ancak belirgin
olarak ayrismus, suya karsi hassasiyeti olan, ¢cok
sayida siireksizlik iceren ve dayanmmu diisiik
kayaclardan hazirlanan numuneleri homojen ve
izotrop olarak kabul etmek tartigmaya agik bir konu
olmakla birlikte, bu tiir kayaglarla ¢cahgmak ¢ogu
kez sorunlart beraberinde getirir. Zayif kayaglar
tizerinde dogrudan yapilamayan deneyler icin
yaklasik ¢oziim; daha kolay yapilabilen deney
sonuglarindan  tiiretilen  gorgiill  bagmtilan
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kullanarak istenilen biiyiikliigii belirli bir giiven
araliginda dolayh olarak tahmin etmektir.

Kohezyon kisaca, normal gerilmenin etkimedigi
bir diizlem boyunca, kaya malzemesinin yenilmesi
icin gerekli olan kayma gerilmesi olarak
tamimlanmakta ve Ozellikle kaya mekanigi ile
mithendislik  jeolojisinde Onemli bir girdi
parametresi olarak kabul edilmektedir. Kaya
malzemesinin kohezyonu yaygm olarak, farkh
yanal basinglar altinda gergeklestirilen ti¢ eksenli
basing deneyleri ile belirlenmektedir. Uc eksenli
basing deneyleri disginda kaya malzemesinin
kohezyonun  dogrudan  belirlenmesi  igin,
Prodotyakonov (1969) ve Vutukuri (1974) ise tek
kesme vyiizeyli ve ¢ift kesme yiizeyli deney
diizeneklerini kullanmustir. Lundborg (1968) ve
Andreev (1995) ise, basing uygulayan ¢ift kesme
yiizeyli deney diizenegini kullanarak elde ettigi
kohezyon degerlerinin ii¢ eksenli basing
deneylerinden elde edilen kohezyon degerinden
yikksek oldugunu belirtmistir. Yarali (1999)
gelistirdigi tek kesme yiizeyli ¢ift yiikleme bloklu
deney diizenegini beton, algi, kumtasi, kirectagi ve
marn O6meklerini kullanarak elde ettigi kohezyon
degerlerinin ii¢ eksenli basing deneylerinden elde
edilen kohezyon degerlerine yakin oldugunu
belirlemistir.

Kaya malzemesine ait kohezyonun dogrudan
kestirimi i¢in diger bir yontem ise Wuerker (1959)
yontemidir. Bu yontem ii¢ eksenli basing
deneylerinin  yapilamadigi  durumlarda  kaya
malzemesi kohezyonunun kabaca tahmin edilmesi

icin kullanilmaktadir (Sekil 1).
. ACIKLAMALAR
N 6= Normal Gerilme
(ge?oe 1t = Kayma Gerilmesi
Og\‘?}b o= Kaya malzemesinin tek eksenli

basimng dayanimm
oy = Kaya malzemesinin tek eksenli
N ¢ekme dayanimi
A ¢ = Kaya malzemesinin kohezyonu

(e}

clvU G

Sekil 1. Wuerker (1959) yontemine gore kaya
malzemesinin kohezyonun kestirimi
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Cuisiat (2011) ise seyller iizerinde yaptigt
deneylerde, kaya malzemesi kohezyonu (c, MPa)
ile griinir porozite arasinda anlamh bir iliski tespit
etmigtir. Buna gore, seyllerin goriiniir porozitesinin
(n, %) 7-38 araligindaki kohezyonu Esitlik 1 ile
tahmin edilebilmektedir.

c=57,868xn""% R*=0,85 (1)

Kaya malzemesi kohezyonu ve igsel siirtiinme
acisimin  tahmininde  giintimiizde oldukca sik
kullanilan diger gorgiil bagntilar ise Hoek vd.
2002 tarafindan Onerilmigtir. Esitlik 2, Hoek —
Brown yenilme Slgiitiine gére kaya malzemesinin
kohezyonu, Esitlik 3 ise kaya malzemesinin igsel
siirtiinme agisimin belirlenmesi icin
kullamlmaktadir. Esitlik 2 ve Esitlik 3’te yer alan
o, ifadesi ise Esitlik 4 kullanilarak bulunur.

Hoek — Brown yenilme Olgiitiine gore, kaya
malzemesinin a Ustel katsayisi 0,5, kaya
malzemesinin ¢atlakhilk durumunu ifade eden s
parametresi ise 1 olarak kabul edilmektedir. Esitlik
2 ve Esitlik 3’te yer alan m; parametresi ise kaya
malzemesinin  kendine  6zgii bir dayanim
parametresi olarak diisiiniilebilir. m; parametresi iig
eksenli deney sonuglarma gore belirlenebildigini
gibi, Aydan vd. (2012) m; parametresinin
belirlenmesi igin kaya malzemesinin tek eksenli
basing ve cekme dayanimina bagh oldugunu
belirtmektedir. Pratik olarak kaya malzemesine ait
m; degeri Esitlik 5 ile belirlenebilir. Konu ile ilgili
diger ayrintilar Hoek vd. 2002°de yer almaktadir.

~ 0 [2+(0,5m03,)|[1+m;03), ]_0’5

. — @
3,75\]0,27+(0,8m,.(1+m,-03n) )
=1 3m(lemoy, )0
@ = sin ( ) 05 (3)
T+3m; (1+m;o5,) "
1,875
O, = ——————33
R e @
_|160s o,
D Q)

Bunun yani sira, kaya malzemesinin tek eksenli
basing dayanmu ile kohezyonu arasinda siki bir
iliski oldugu bilinmektedir. Dayaninun bir olgiisii

olarak da diistiniilebilen kohezyon ile kayaclarn
diger mekanik ozellikleri ile bireysel iliskiler
kurmak miimkiindiir. Buna ¢ift makaslama
dayanimui (BPI, MPa) 6mek gosterilebilir. Ulusay
ve Gokceoglu 1997 ile Ulusay vd. 2001 gift
makaslama dayammu ile kaya malzemesinin tek
eksenli basing ve dolayli gekme dayanin arasinda
anlaml iligkiler oldugunu tespit etmistir. Siiliikgii
ve Ulusay (2001) ¢ift makaslama deneyi tizerine
caligmalarma devam ederek, kaya malzemesinin
kohezyonu ile ¢ift makaslama dayanimm arasinda
anlaml bir iliski belirlemistir (Bkz. Esitlik 6).

¢=1,207BPI ©6)

Ozetle, ii¢ eksenli basing dayanmu deneyi, tecriibe
gerektiren zahmetli ve 6nemli bir kaya mekanigi
deneyidir. Zayif kayaglarda yanal basing segimi,
numune hazirlama, kullamlan malzemenin dogast
geregi diizensiz olusu ve olasi operatér hatalart
kaya malzemesinde kohezyonun saglikli bir sekilde
belirlenmesini - giiglestirmektedir. Uygulamalarda
saha miihendislerine kolaylik saglamayi amaglayan
bu galisma, yapilmast kolay, maliyeti ucuz ve
tekrarlanabilirligi yiiksek olan deneylerle kaya
malzemesinde kohezyonun dolayl olarak tahmini
iizerine bir incelemesini igermektedir.

2 NUMUNE HAZIRLAMA

13 farkll kayac lizerinde yapilan kaya mekanigi
deneylerinde, boy (/) / ¢ap (d) oranlan 0,52
arasinda degisen silindirik numuneler almmustir.
Silindirik numuneler NX (54+ 0,4 mm ¢apinda) ve
BX (42+ 0,6 mm c¢apinda) tip karotiyerler
kullanilarak temin edilmistir.

Dolayli gekme dayanimi deneyleri i¢in 1/d oran1
0,5, P dalga hizinn 6l¢iilmesi ve tek eksenli basing
dayaninu deneylerinde I/d oram 1-2 arasinda, ii¢
eksenli basing deneylerinde ise 1/d oram 2 olan
silindirik numuneler hazirlanmustir.  Numune
litolojileri, alindig1 bolgeler ve yapilan deneylerde
kullamlan numune sayilar Cizelge 1°de verilmistir.
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Cizelge 1. Calismada kullamilan kaya tiirleri, alindig1 bolgeler ve numune sayilart

- Ornek g Numune Sayis1
Kaya Tiirii No Alindig Yer TEBD DCD UEBD PDH
Tiif! 1 Havran - Balikesir 8 10 4 8
Traverten 2 Honaz - Denizli 9 12 4 9
Andezit 3 Havran - Balikesir 9 10 3 9
Konglomera 4 Havran - Balikesir 5 5 3 5
Camurtast 5 Havran - Balikesir 4 5 3 4
Seyl 6 Havran - Balikesir 5 5 3 5
Tiif? 7 Develi - Kayseri 7 10 3 7
Kumlu Kirectast 8 Havran - Balikesir 5 6 2 5
Siltli Camurtagt 9 Edremit - Balikesir 6 5 3 6
Ince Taneli 10 Havran - Balikesir 5 5 3 5
Kumtas1 .
. 1 Uziilmez -
Silttagt %onguldak 9 8 3 9
Kiltast 12 gj:;ﬁz ; 5 5 3 5
Orta Taneli 13 Bor - Nigde 5 5 4 5
Kumtas1
ACIKLAMALAR
TEBD: Tek eksenli basing dayanimi PDH: P dalga hizt
UCBD: Ug eksenli basing dayanimi DCD: Dolayli gekme dayanimi
Buna gore c¢alismada kullamlan kayaclar

3 DENEYSEL CALISMALAR

Bu calisma kapsaminda; en ¢ok kullanilan,
numune hazirlamasi ve yapilmasi kolay deneylerin
secilmesine 6zen gosterilmistir. Bu sebepten zayif
kayaclarin kohezyonun dolayli olarak belirlenmesi
i¢in, dolayli ¢ekme dayammu (DCD), tek eksenli
basing dayanimi (TEBD), i¢ eksenli basing
dayanmu (UEBD) ile P dalgast hizi (PDH)
deneyleri yapilmugtir. Yapilan deneylerde ISRM
(1981) tarafindan oOnerilen yontemler esas
almmugtir. Gergeklestirilen biitiin deneyler kuru
sartlar altnda gergeklestirilmis olup, deney
sonuglart Cizelge 3’te toplu olarak verilmistir.

Ayrica numunelerin  hazirlanma  siireglerinde
kayaglarin ayrigma-bozunma durumlari, ayrigmig
ve ayrigmamig durumlardaki renk ve dokusal
degisimi gdz Oniinde bulundurularak ISRM
(1981)’e gore simflandinlmugtir.

540

ayngmanugtan (W) ileri derecede ayrignus kayaca
(W,) degisen bir araliktadir.

3.1 Tek Eksenli Basin¢ Dayanimu Deneyi

Tek eksenli basing dayanimu deneyleri ISRM 1981
tarafindan Onerilen yontem ile ASTM D2938’ e
uygun olarak gerceklestirilmistir. Deneylerdeki
yiikleme hiz1 zay1f kayaglar icin yaklasik 0,5MPa/s
olarak tercih edilmistir. Araziden temin edilen kaya
bloklarmin icerdigi siireksizlikler ve ayrgma-
bozunma durumlart ve numune alma esnasinda
karotlarin  pargalanmalari  dikkate —alindiginda,
deney i¢in gerekli geometrik sartlar (Bkz. ASTM
D2938-95, ISRM  1981) ¢ogu  kez
saglanamamugtir.
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Bu sebepten uygun boyutlarda almamayan
karotlarda yapilan deney sonuglan //d=2 oram
dikkate alinarak ASTM D2938-95’¢ gore Esitlik 7
kullanilarak diizeltilmistir. Esitlik 7, //d oramnin 1—
2 araliginda olmast durumunda gegerlidir.

0 d
Oom = + (’D
0,24 % n +0,88

Yapilan tek eksenli basing dayanim deney
sonuglarma gore, 13 farkli kayacin tek eksenli
basing dayanimlar //d=2 diizeltmesi ile ortalama
16,15MPa ile 47,97 MPa arasinda degismektedir.
ISRM (1981)’ gore calismada kullanilan kayaclar
diisiik ve orta dayamimli, Deere ve Miller (1966)’a
gore ise diisik dayammh kayag smifinda yer
almaktadir.

3.2 P Dalgas1 Hiz1 Deneyi

P dalga hizi deneyi, kayact Orselememesi,
tekrarlanabilirligi yiiksek bir deney olmasi ve kaya
malzemesinin bazi fiziksel ve mekanik 6zellikleri
ile anlamh iligkilere sahip olmasi sebepleriyle son
zamanlarda  kaya  mekaniginde  sikhikla
kullamilmaktadir. P dalga hiz1 deneyleri, P dalga
hizt (V,), karotun bir ucundan diger ucuna

gonderilen  ultrasonik  dalgann  hizidir
(Bkz. Esitlik 8).
L
V,=— @®
n

Esitlik 8’de ifade edilen L karot boyunu (mm), 7
ise karotun bir ucundan diger ucuna gecen
ultrasonik dalganin gegtigi siireyi (us) ifade
etmektedir. Pundit Plus deney aleti kullamilarak
ASTM D2845-69’a uygun olarak yapilan deney
sonuglarma gore ortalama V), hizlarn 1,47 km/s —
4,03 kn/s arasinda degismektedir.

Kayagclarin ayrisma-bozunma derecelerinin (Wy)
sayisal olarak belirlenmesi ve analizlere dahil
edilebilmesi igin, P dalga hizlan istatistiksel
kurallar  dahilinde  kullanilnustir. ~ Istatistikte
herhangi bir biiyiikliigiin (6megin ) alabilecegi en
yikksek ve en diisiik degeri Esitlk 9 ile
belirlenmektedir.

LBrax =B, 358 (9)

Burada B Ve Po swasiyla herhangi bir
biiyiikliigiin en yliksek ve ortalama degerleri, ss ise
bu biiyikliige ait standart sapma olarak
tammlanmaktadir.  Bu  istatistiksel ~ kural
dogrultusunda Wy degeri P dalga hizina gore

Esitlik 10 ile belirlenmistir.
Vitom +3ss
W= Vv —3ss (10)

plort)

Burada Vi kayaglarn ortalama P dalga hizi
(km/s), ss ise p dalga hizlarna ait standart sapma
degerlerini ifade etmektedir. Buna gore ISRM
(1981) tarafindan Onerilen  ayrisma-bozunma
siniflamasina gore, kayaglarm ayrnsma bozunma
indeksi deger aralig1 Cizelge 2’de verilmistir.

Cizelge 2. Kayaclarin ayrnigma-bozunma indeksi
degerleri

Ayrisma-

Bozunma Tammlama Wy

Derecesi
W, Ayrismamis 1-1,6
W, Az Ayrigmis 1,6-2,5
W, Orta Derecede Ayrigmis  2,5-3,4

W, lleri Derecede Ayrismis >34

3.3 Dolayh Cekme Dayanim Deneyi

Dolayli ¢ekme dayanimu deneyi (Brazilian Deneyi)
gerek numune hazirlamast kolay, gerekse pratik bir

deney olmast  sebebiyle yaygin  olarak
kullanilmaktadir.  Kayaglarm dolayll  ¢ekme
dayanmu Esitlik 11 ile belirlenmektedir.

2F (1

O, =—
tB(MPa) Dt

Burada F kinlma yiikii (N), D numune capm
(mm), t ise numune kalmhgm (mm)
gostermektedir. Buna gore 13 farkli kayagtan
hazirlanan disk numuneler {izerinde yapilan deney
sonuglarma gore, kayaglarm ortalama dolayl
¢ekme dayanmmu 0,7MPa ile 6,3MPa arasinda
degismektedir.
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3.4 Ug Eksenli Basin¢ Dayammi Deneyi

Uc eksenli basmng deneyi, farkli yanal basinglar
altinda (o;) kaya malzemesinin dayaniminin
belirlenmesi  olarak  tanmmlanabilir,. o= 0
durumunda kaya malzemesini yenmek i¢in gerekli
olan gerilme kayacin tek eksenli basing dayanimi
olarak tammlanmakta olup, farkh o; degerleri
altinda kayacin dayanmnmuni yanal sikismaya bagh
olarak artacaktir. Deneyin amaci, en temel olarak
kaya malzemesinin kayma parametrelerinin
belirlenmesi (kohezyon ve icsel siirtiinme agisi)
olarak diisiiniilebilir. Mohr — Coulomb yenilme
Olgiitine gbre kaya malzemesinin kayma
parametreleri igsel siirtlinme agist (¢, ©) ve
kohezyon (¢, MPa) olarak tanimlanmaktadir.

Bunun i¢in farkli yanal basinglarda yapilan 3—4
deney ile kaya malzemesine ait yenilme zarfi
olusturularak kayacin c ve ¢ degerleri ayrica Hoek-
Brown sabitlerinden m; bulunur. Kaya
malzemesinin ¢ ve ¢ degerleri ISRM (1981)’e gore
¢ farkl gekilde belirlenebilir. Bu ¢alismada farkli
karotlarin degisik yanal basinglar altindaki eksenel
dayamm  degerleri  tespit edilereck  kayma
parametreleri belirlenmistir.

Kayaglarin kohezyonu i¢in Esitlik 12, igsel
siirtinme agilarmin belirlenmesi i¢in ise Esitlik 13
kullamlnustir.

1—sing
=gx—— 12
¢ quxcos¢ =
. [(m—=1
¢= arcsm( j (13)
m+1

Burada q, 6; — 03 uzayindaki dayanim zarfinin o,
eksenini kestigi noktamin degeridir. Bagka bir
deyisle q degeri, 6;= 0 oldugu durumdaki eksenel
gerilmenin biiylikliigii olarak tanimlanan dayamm
zarfindaki tek eksenli basing dayanimi degeridir. m
degeri ise dayanim zarfinn egimi olarak
tanimlanmaktadir.

Yapilan {i¢ eksenli deney sonuglarinda zayif ve
orta dayammli kayaclar i¢in yanal basinglar (o3)
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2MPa ile 15MPa arasinda secilmigtir. Buna gore
13 farkli kaya malzemesinin ¢ degerleri 3MPa ile
10MPa arasinda, ¢ degerleri ise 32° ile 51°

arasinda degistigi belirlenmigtir (Cizelge 3).

4 ISTATISTIiKSEL ANALIZ

Kayaglarin farkli fiziksel ve mekanik 6zellikleri
arasindaki  anlamh iliskileri gdz  Oniinde
bulunduruldugunda, kaya malzemesinin
kohezyonu ile bazi mekanik Ozellikleri arasinda
bireysel iliskiler kurulabilecegi daha once
belirtilmisti. Ornegin, kayaclarn dayanmu ile
kohezyonu arasinda genellikle dogrusal bir iliski
vardir. Ancak dogadaki kayaglarin litolojik
cesitllligi  ve  ayngma-bozunma  durumlart
kayaclarm herhangi bir fiziksel veya mekanik
ozelliginin kestirimi igin genel bir yaklagim ortaya
koymay giiclestirmektedir.

Bu kapsamda, diisiik dayanimh kayaglarm
6,Vp, O ve Wy degerleri kullanilarak, bu
analizlerine ilave edilmistir. Gergeklestirilen basit
ve ¢oklu regresyon analizlerinde kullanilacak olan
degiskenlerin birimleri; ¢ = MPa, 6, = MPa, o =
MPa ve V,= knv/s olup, gelistirilen esitlikler boyut
analizi igermemektedir.

Kayaglarmn dayanim arttikca genellikle, ¢, . V,,

ve og degerlerinin de artmast beklenir. Kayaglarin
litolojik farkhhklari, ayrisma-bozunma durumlari,
dayanim  anizotropisi gibi  Ozellikleri bu
biiyiikliikler arasmdan dolayh ¢ekme dayanimmin
P dalgasi hizina oranmm (y = g/ V,) kayagtan
kayaca farkli olmasma sebep olmaktadir. Burada
tammlanan y degerindeki bu degisimin zayif
kayaclarmn kohezyonunun bir 6l¢iisii olup olmadig
bu calismada bir hipotez olarak ileri siiriilmiis ve
basit regresyon analizi ile irdelenmistir.
Istatistiksel analizlere gecmeden 6nce yukarida
tanimlanan y deger araligmin belirlenmesi
gerekmektedi. Bu kapsamda y  degerinin
tanmmlanabilen en genis tanim kiimesi, literatlirde
bilinen en yikksek ve en disik o ve V,
degerlerinin kendi aralarinda ¢aprazlama yapilmasi
ile elde edilebilir.
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Cizelge 3. Deney sonuglarimin toplu gosterimi

Ornek (]

G, (MPa)*

Vo

[

Ayrisma Derecesi’

Kaya Tiirii ° m;

Y No (MPa)  (km/s) (MPa) ¢© Tamm W,
Tiif' 1 16,1£6,6 0,7+0,1 1403 32 504 158 W, 43
Traverten 2 2574122 2,140, 22404 56 40,1 123 W, 3.4
Andezit 3 414+7,1 5305 33405 81 379 104 Ws 2.8
Konglomera 4 26,2+5,9 1,7¢1,2  2,7+04 43 43,5 14,7 W; 2,7
Camurtas 5 33,4467 24+0,5 23403 65 368 112 W, 2,2
Seyl 6 23,8495  1,5£0,5 22403 48 391 9,0 W, 2,5
Tiif® 7 4024122  2,9+40,8 3,1£04 73 459 127 W 2,6
Kumlu Kiregtasi 8 32,7£10,1  3,3x1,6 2,7£0,3 6,9 42,7 10,1 W, 2,0
Siltli Camurtast 9 41,8482  2,840,3 24403 84 320 14,1 W, 2,3
Ince Taneli 10 24,0+149 1,85+044 18+03 57 397 7.9 W 3,1
Kumtagi
Silttast 11 40,9+13,6  3,1+12 2,1+021 86 346 94 W, 1,9
Kiltast 12 36,5473 63+0,9 41402 95 381 58 W, 1,4
Orta Taneli 13 479491 5711 39:04 91 40,7 92 W, 1,9
Kumtagi

*: Ortalama (ort) + standart sapma (ss)
ACIKLAMALAR . ISRM (1981)'e gore kayaglarin ayrisma

dereceleri

Kayaglarn V,, hizlan genellikle 1knvs ile 7,7km/s
arasinda  degismektedir (Castagna vd. 1985,
Franklin ve Dusseault, 1989, Goodman 1989,
Tercan vd. 2005, Zamora vd. 1994, Schén 1996,
Tugrul ve Zarif 1999, Kahraman 2001, Zarif ve
Tugrul 2003, Teymen 2005, Sharma ve Singh
2008, Yagiz 2011, Altindag 2012). Kayaglarin o
degerleri ise genel olarak 0,1MPa ile 42 MPa
arasindadir (Colak 1998, Zhang 2005, Tercan vd.
2005, Mosch ve Siegesmund 2007, Dai ve Xia
2009, Mendoza-Chavez vd. 2012).

Bu kapsamda kayaglara ait y degerinin en genis
tanim kiimesinin 0,013 (o = 0,1MPa ve V, =
7,7km/s degerleri i¢in) ile 42 (6 =42MPave V, =
lkm/s  degerleri icin) arasinda  degistigi
matematiksel  olarak — miimkiindiir. =~ Ancak
uygulamalarda bu kadar genis bir arahfmn
varligindan s6z etmek dogru olmayabilir.
Dayamimu artan kayacgta genel olarak artmasi
beklenen o ve V, gibi biiyiikliiklerin zayif ve
yiiksek dayanimh kayagclara ait olan degerleri kendi
aralarinda degerlendirilirse gercege daha yakin bir
tanim kiimesi olusturulabilir. Buna gore Deere ve
Miller (1966)’a gore diisik dayanimli olarak

tanimlanan kayaglar i¢cin (o, < 50MPa olan
kayaglar) y degerinin {ist smir1 (V,= 4km/s ve 6=
10MPa degerleri icin), y = 2,5olurken, alt smir ise
(Vo= 1km/s ve o= 0,IMPa degerleri igin) y = 0,1
olarak ifade edilebilir. Buradan zayif kayaglarm
dayaniminin degismesi ile v degerinin 0,1 ile 2,5
arasinda degisebilecegi sylenebilir. (Sekil 2).

Vv =0/ Vp
01 04 07 1 13 1,6 19 22 25
| | ooty | | |
| L SN i |
incelenen Aralik

Sekil 2. Zayif kayaglar i¢in y degerinin degisimi ve
incelenen aralik

4.1 Basit Regresyon Analizi

Basit regresyon analizi icin Menten — Michaelis
(1913) tarafindan Onerilen analitik model kabul
edilmis ve en kiiclk kareler yontemi ile
¢Oziilmiistiir. Analitk model Esitlik 14’te ifade
edilmektedir. Herhangi bir denklem sisteminin en
kiiciik kareler yontemi ile ¢oziilmesi i¢in denklem
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sisteminde yer alan bilinmeyenlerin (m; ve my, gibi)
dogrusal bir denklem sisteminde yer almast
gerekmektedir.  Esitlik 8'deki  bagimli  ve
bagimsizhik degiskenler swasiyla, y = ¢ ve
le//:% olarak tanmmlanmaktadr. Esitlik 14’te

P

verilen denklem sisteminin  dogrusal hale
getirilmesi ve en kiiciik kareler yontemin
uygulanmast ile Esitlik 15 elde edilmistir.
_mxx (14)
m, +x
co 449 pr g5 (15)
7,82V, + 0,

4.2 Coklu Regresyon Analizi

Coklu regresyon analizleri, 6. — Wy o, — o ve
og— V, veri ciftleri kullamlarak gerceklestirilmistir.
o, — o ¢ifti ile coklu dogrusal regresyon analizi,
o — V, ve 6, — Wy veri ciftleri kullamlarak ise
dogrusal olmayan ¢oklu regresyon analizi
yapilmustir. Coklu dogrusal regresyon analizlerinde
kullarilan analitik model Esitlik 16°da verilmistir.
(16)
o, — o veri ¢ifti kullanilarak gerceklestirilen ¢oklu
regresyon analizi sonucunda Esitlik 17 elde
edilmigtir.

y=ax, +bx,

¢=0,160, +0,370,,, R> = 0,82

tB>

a7

Dogrusal olmayan ¢oklu regresyon analizlerinin
ilki i¢in o — V,, veri ikilisi kullarlmus olup,
regresyon analizinde Esitlik 18°deki analitik model
benimsenmigtir. Esitlik 18°de, y=c, x;=0p ve X,=
V, i¢in Esitlik 19 elde edilmistir.

(18)

— t &)
y=txx"%xx,

¢=5120,""V, % R =0,88

19)

Benzer sckilde Esitlik 18°deki analitik model
kullanilarak o, — Wy veri ¢ifti ile ikinci dogrusal

olmayan coklu regresyon analizi
gergeklestirilmistir. y = ¢, X; = 6, Ve X,= W, olmak
tizere Esitlik 20 elde edilmistir.
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¢ =0,480 "W, % R* = 0,86 (20)

5 TARTISMA VE SONUCLAR

Yapilan basit ve coklu regresyon analizlerinden
elde edilen gorgiil bagntilarin uygunlugu ki kare
(") testi ile kontrol edilmistir. Ki kare testine gore
bir modelin uygun olup olmadigi modelden elde
edilen degerlerin (gozlenen deger, o;) deneysel
degerlere (beklenen deger, ) olan yakinlig: ile
ilgilidir. Bu baglamda x” degeri Esitlik 21 yardim
ile belirlenecektir. Bir modelin gecerli olup
olmadigy, elde edilen x* degerinin belirli bir giiven
arahginda (G) ve buna bagli serbestlik derecesinde
(M) tabloda verilen x* degerinden kiigiik olmasina
baghdir. Aksi halde dnerilen model reddedilecektir.
Geligtirilen bagmntilarm  gegerliligi bu sekilde
irdelenmistir. Modellerin  serbestlik ~ dereceleri
A =n-v-1geklinde belirlenmistir. Burada n 6mek
sayisin, v analizlerde kullanilan degisken sayisim
ifade etmektedir.

) n=13 (0’_ _ei)z

i=1 0;

i

X

@1)

Buna gore, gelistirilen esitliklere ait x* degerlerinin
G =09 giiven aralig1 ve A = 9 kosullarinda gecerli
oldugu Cizelge 4’ten anlasilmaktadir.

Cizelge 4. x* uygunluk testi sonuglart

Esitlik No 15 17 19 20
x’ 0,864 1,047 0,716 0,88
x?Tablo (G=0,9) 4,168 4,168 4,168 4,168
Serbestlik Derecesi
9 9 9
(A=n-v-1)

Esitliklerden tahmin edilen kohezyon degerleri ise;
birbirleri, deney sonuglart ve Hoek vd. 2002°den
tahmin  edilen  kohezyon  degerleri ile
karsilastirilmugtir. Buna gore 13 farkhi kayacin
kohezyonu, en fazla yiizde 14’lik hata payr ile
tahmin edilebildigi Sekil 3’ten anlagiimaktadir.
Kayaglarin ilerleyen ayrisma-bozunma
evrelerinde (fiziksel, kimyasal veya biyolojik
bozunma  evrelerinde) kaya  malzemesinin
igyapisinda tane smirlart genislemekte, baska bir
deyisle kayac igindeki atomik  baglar
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zayiflamaktadir. Bu baglarin zayiflamasi ve buna
bagh kayacta olusan makro ve mikro Olgekteki
kinkh  yapilarm  varligi  kaya malzemesinin

kohezyonunu 6nemli Olgiide  diistirmektedir

(Baynes ve Dearman 1978).
13] == 14,93"
12] = 17,97
11} 14,5
10] 113,81
9 15,41

o |

Z8 | 16,49

$7) 110,65

56 e 14,94
5] 12,29
e 18,33
3| " 19,1
2] 19,61
| 17,43

0 2 4 6 8 10 12
Kohezyon, ¢ (MPa)
ACIKLAMALAR

M Esitlik 20* M Hoek vd. 2002
W Esitlik 19
O Esitlik 17
O Esitlik 15

Sekil 3. Gorgiil bagmtilarn karsilastirilmast

M Deney Sonuglarr™®
* Bagil Degiskenlik
Katsayisi (%)

Bu bulgu, Arel ve Onalp (1998)’in granodiyoritler
tizerinde yaptig1 calismalarla da desteklenmistir. Bu
calismada da zayif kayaclarin ayrigma — bozunma
durumlart dikkate alinmig ve ayrismamin kaya
malzemesinin  kohezyonunu azalttigi niceliksel
olarak Dbelidlenmistir. Esitik 20 bu agidan
incelendiginde, 10MPa < ¢, < 50MPa araliginda
kalan kayaglar icin, ilerleyen ayrisma derecesinin
kaya malzemesindeki kohezyonu %30 oraninda
diisiirdiigii Sekil 4’ten anlagilmaktadir.

Kohezyon, c* (MPa)

___
PWALUONXOSTD
’ /

\
1 2 3 4
Ayrisma Derecesi, W

ACIKLAMALAR

—&— O¢ = 50MPa
—=— G, = 25MPa
—— Oc = 10MPa

* Esitlik 20 ile belirlenen kohezyon degerleridir.

Sekil 4. Tlerleyen ayrisma derecesinin kohezyon
iizerine etkisi

Yiiriitiilen deneysel cahismalar ve istatistiksel

analizler sonucunda bu ¢ahismadan elde edilmis

bazi sonuglar agagidaki gibi 6zetlenmistir.

1- Bu caligmada oOnerilen bagmtilar asagidaki
sinirlamalar ~ dikkate alindiginda  giivenle
kullanlabilir.

e 10MPa<c,<50 MPa
o (0,7MPa<og<6,3 MPa
o 1Akm/s<V,<4km/s
e 5<m<16

2- Bu cahgmada kullanilan kayaglarda yapilan {i¢
eksenli basing deneylerinde, yanal basing
secimi kayacin tek eksenli basing dayanimimin
en fazla beste biri ile sl kalmalidir. Aksi
durumlarda  anlamsiz ~ sonuglar  elde
edilmektedir.

3- Kayaglarda ilerleyen ayrisma derecesinin kaya
malzemesinin kohezyonunu {izerine olan etkisi
niceliksel olarak belirlenmistir.

4- Zayf kayaclarda kohezyonun dolayli tahmini

iizerine yapilmig olan bu ¢aligma, dmek sayisi

arttinlarak daha saghkli ve genel gorgiil
bagntilarin  gelistirilmesi igin bir baglangi¢
caligmasi olarak kabul edilebilir.
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Patlatma Sonras1 Olusacak Yiginin Ortalama Boyutu ile Jeolojik
Dayanim Indeksi (GSI) Iliskisinin Arastirilmast

Investigation of Relationship between Mean Fragment Size of The
Blast Pile and Geological Strength Index (GSI)

T. Ongen, D. Karakus, G. Konak, A. Tosun, A.H. Onur
Dokuz Eyliil Universitesi, Maden Miihendisligi Béliimii, Izmir

OZET: Acik ocak madenciliginde iiretim asamasinda yaygin olarak patlatma islemleri
gerceklestirilmektedir. Patlatma islemi sonucunda olusan yiginin par¢a boyut dagilimia etki
eden bir¢ok faktér mevcuttur. Bu faktdrlerin en 6nemlileri, patlayict madde cinsi ve patlatma
tasarimu ile birlikte galisilacak arazinin jeolojik yapisidir. Ozellikle ayna yiizeyinde gdzlenen
stireksizlik aralig1, dolgu durumu gibi parametreler patlatma sonrasi y1gm boyut dagiliminda
etkendir. Kaya kiitlesi 6zelliklerini inceleyen yaklasimlardaki ortak sonug, kayacin siireksizlik
Ozelliklerinin patlatma sonuclarin etkileyecegi seklindedir. Siireksizlik tanimlamas1 yapmak
icin ¢esitli siniflama yontemleri mevcuttur. Hazirlanan bu c¢aligmada, Isikkent mevkiinde
bulunan bir agrega ocaginda toplam 11 adet patlatma deneyi yapilarak, siireksizlik
ozelliklerinin simiflamasini ve degerlendirmesini yapan Jeolojik Dayamim Indeksi (GSI) ile
patlatma sonucu olusan y1gmin ortalama tane boyutu arasindaki iliski irdelenmistir.

ABSTRACT Blasting operations are commonly realised in open-pit mining at the production
phase. There are many factors that affect the distribution of particle size of the pile which is
formed as a result of blasting operation. The most important of these factors are type of
explosives, blasting design and the geological structure. Particularly, parameters such as
filling material between discontiunities, joint space observed in the blast face are effective in
the pile size distrubution which occured after blasting. Common result of approaches that
analyzed rock mass properties; characteristics of rock discontinuities influence the blast result.
Various classification methods to make identification of discontinuities are available. In this
study, an 11 blast experiments were performed in an aggregate quarry which is located
Isikkent. The relationship between mean fragment size of the blast pile and geological
strength Index (GSI) which make the classification and assesment of geological properties of
discontiunity have been investigated.

1 GIRIS ekonomikligini dogrudan etkilemektedir. Bu
Madencilikte, ozellikle acik ocak  etki goz Oniine alindiginda, patlatma sonrasi
madenciliginde kayaglarin pargalanmasi igin  olusacak yigin boyut dagiliminin
genellikle patlayici maddelerden  denetlenebilmesi  6nem  kazanmaktadir.
yararlanilmaktadir. Patlayict madde  Boyut dagilimima etki eden faktorler iki ana
kullanilarak yapilan iiretimlerde olugan  baglik altinda toplanabilir. Bunlar; kontrol
yigmin par¢a boyut dagilimi yiikleme, edilebilir parametreler (delik ¢api, patlatma
nakliye ve kirma proseslerinin  yonii, delik egimi, dilim kalinlig1 vb.) ve
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kontrol edilemeyen (tabakalanma, ¢atlak
setleri, stireksizlikler vb. gibi kaya kiitlesi
yapisal oOzellikleri) parametrelerdir. Kontrol
edilemeyen yapisal oOzelliklerin patlatma
sonucu olusacak yigin boyut dagilim
iizerinde azimsanmayacak bir etkisi vardir.
Bir bolgedeki patlatma tasariminin etkilerini
analiz edebilmek igin farkli kaya birimlerinin
dogru bir sekilde tanimlanmasi oldukga
onemlidir. Kayaglarin tanimlanabilmesinde
kullanilan en etkili yontem, jeolojik olarak
siniflandirilmalaridir (Hopler, 1998).

Iki siireksizligin arasmin kapali, bosluklu ya
da dolgulu olmasina baghi olarak bu
stireksizlikler patlatma ile olusan basing
dalgalarini farkl iletmektedirler (Obert ve
Duvall, 1950). Sistematik eklemler kayacin
patlatilmasini daha zor bir duruma sokabilir,
zayiff zon ve damarlar veya bosluklu
siireksizlik  yapist  patlayicinin  infilak
kosullari1 degistirip, agiga ¢ikan enerjiyi
azaltir ve bu enerjinin istenmeyen yonlerde
yayilimma sebep olur. Siireksizliklerin
arasinin kapali olmasi1 dalgalarn iletimini
etkilemezken, kaya¢ yapisinda bosluklu ya
da dolgulu siireksizlik mevcutsa basing
dalgasin1 farkli yonlere yansitmakta ve
kuvvetini azaltmaktadir. (Zagreba, 2003).
Boyle durumlarda kaya kiitlesi daha az kirilir
ve patarlanacak kadar biiyiikk boyutlu
malzemeler aciga ¢ikar.

Fourney ve Digerleri (1983), laboratuar
boyutunda yapmis oldugu c¢alismalarinda
parcalanma mekanizmasi ile ¢atlak takimlar
arasinda ilinti kurmustur. Homojen kayaya
nazaran siireksizlik igeren kayalarda elde
edilen ortalama tane boyutunun daha kiigiik
oldugunu, yaklastk 1,5 kat daha aza
indirgendigini 6ne siirmiislerdir. Harries
(1983), arazi ¢aligmalarinda gerceklestirmis
oldugu tam 06lgekli basamak patlatmalarinda;
catlak setleri ve/veya tabakalanma arasindaki
ortalama mesafenin artmasinin patlatma
sonucu olusacak kirilma derecesini de
arttiracagni ileri stirmiistiir.

Literatiirde bulunan ¢aligmalardan elde

edilen ortak sonug, acik ocak
isletmeciliginde ekonomiklige de bagh
olarak en 1iyi verime ulasabilmek igin

stireksizliklerin patlatma tasarimi yapilirken
g0z Oniine alinmasi gerektigidir.
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Hazirlanan bu  bildiri  kapsaminda,
stireksizliklerin ~ yigm boyut dagilimina
etkisinin belirlenmesi igin Jeolojik Dayanim
indeksi (GSI) ile patlatma sonrasi yigindan
alman  gorintiilerin =~ goriintii  analizi
yontemiyle elde edilen ortalama tane
boyutlar1 arasindaki iliski arastirilmstir.

2 ORTALAMA TANE BOYUTUNUN
BELIRLENMESI VE GSI

Verimli bir patlatma sonucunda homojen
dagilim gosteren bir yigm elde edildiginde,
ardisik islemler 6rnegin yiikleme, nakliye ve
kirma islemleri de verimlilik kazanmaktadir.
Ideal sartlar altinda siireksizlik icermeyen
homojen  kayaglarda  gergeklestirilecek
patlatma sonrast yigin boyut dagilimini
modellemek basit iken, gergekte kayacin
yapisint olusturan siireksizlikler dolayisi ile
parcalanmaya etki eden degiskenlerin
artmasiyla ampirik yaklagimlarin haricinde
yigin boyut dagilimmin tahmin edilebildigi
bir model bulunmamaktadir. Ortalama tane
boyutunun ve dagiliminin tahmini igin
literatiirde kabul gormiis birgok model
olmasina ragmen yaygin olarak kullanilan
model  Cunnigham’m (1983, 1987)
gelistirdigi  “Kuz-Ram” modelidir. Bu
modelden hari¢ Langefors ve Kihlstrom
(1963)’iin  ilk ¢alismalarina dayanarak,
Holmberg ve Larsson (1974) “SveDeFo
Esitligi” olarak adlandirdiklar1  tahmin
esitligini ortaya koymuslardir (Esitlik 1).

L =) e 135
Xs=0,143 x f (12 x {BZ /T} x (ﬁ) 1)
B X

Burada;
Ly :Toplam sarj uzunlugu (m)
: Delik boyu (m)
f : Geometrik faktdr; 1+4,67(1-Ly; / H)*®
B : Dilim kalinlig1 (m)
S : Delikler aras1 mesafe (m)
Crock : Kaya sabiti
Spx . Patlayict giicii oran
Q : Ogzgil sarj (kg/cm’)

Holmberg ve Larsson (1974) kaya
kiitlesinin ne kadar kirilmis oldugunu dikkate
alan bir sayisal carpam1 Esitlik 1°de
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kullanmaktadir. Bu ¢arpan; homojen masif
kayaya nazaran ¢ok kirikli bir kayac icin

% 50 daha fazladir. Bu pargalanma
esitliginin bir versiyonu da Dyno Nobel
patlatma  programi olan Blastec’te
kullanilmgtir.

Kou ve Rustan (1993) ortalama boyut
tahmini i¢in, model Olgekli patlatma

testlerinden elde edilen kapsamli bir model
ve literatiir ¢aligmalarina dayanarak farkli bir
parcalanma teorisi sunmustur. Bu teori,
%50’den gegen tane boyutunu vermekte
fakat parcalanma dagilim egrisinin seklini
vermemektedir (Esitlik 2).

0,5 0,7

")
(%)
q

Esitlik 2°de goriildigii gibi ortalama tane
boyutunun tahmininde kaya kiitlesinin
dayanim ozellikleri (pc) faktoriine baghdir.
Patlayicinin kuvveti D faktorii ile verilmistir.
Bu esitlik 1987 yilinda dirence bagl olan
tiniformluk indeksinin kullanildigi Rustan ve
Nie’ye ait olan esitligin gelistirilmesi ile elde
edilmistir. Bu esitlik Xso degeri i¢cin S/B
orant hari¢ diger parametreler degistiginden
SveDeFo pargalanma esitligi ile
celismektedir.

Kuznetsov (1973) 06zgiil sarj ile patlatma
sonrast yigmin ortalama boyutu arasindaki
iligkiyi kaya kiitlesini bir girdi parametresi
olarak kullanarak asagida verilen esitligi (3)
Onermistir.

Vo
X509 = A(Q_e)o.s Qim 3

X590 = 0,01 X pc®® x B%2 x ¥))

Burada;

Xs5o :Ortalama boyut (cm),

A :Kaya faktori,

V, :Delik bagina patlatilacak hacim
(dilim kalmhigi x delikler aras1 mesafe x
basamak yiiksekligi, m”),

Q. :Delik basina kullanilan nitrogliserin
esasli patlayict (kg).

Ortalama boyut tahmini i¢in verilen bu
formiil nitrogliserin esasli detonasyon hizi
fazla patlayici maddeler i¢in dnerilmistir.

Bu patlaticilarin giicii Anfoyla
karsilastirildiginda daha fazladir. Patlayict

madde olarak Anfo kullanildiginda diizeltme
katsayist kullanilarak formiil, esitlik 4’teki
sekli almustir.

1
08 & 19
XA () o (3)° @
Patlayict olarak Anfo kullanildiginda

Sanfo =100 olarak alinir. (Kuznetsov, 1973)

Bu formiile girdi olarak etki eden 06zgiil
sarj birim hacim basina kullanilan patlayici
miktar1 olarak tanimlanmaktadir. Ozgiil sarj
miktarinin tespiti i¢cin kullanilan baginti
esitlik 5’te verilmistir.

1Yo (5)
q Q,

Kullanilan patlayict miktar1 ve 6zgiil sarj
miktarin1 Olciilen degerlerden hesaplamak
miimkiin iken kaya kiitlesinin etkisi katsay1
diizeltmesi olarak formiile yansimaktadir.
Kaya kiitle katsayis1 A; 7 ile 13 arasinda
degerler almaktadir.

Kaya  kiitle  katsayisinin ~ kayacin
karakteristik  6zelliklerini  yansitmadigini
diistinen Cunnigham (1983) Kaya kiitlesi
patlatilabilirligi  ile ilgili Lilly (1986)
tarafindan Onerilen kaya kiitlesi patlatma
indeksini ortalama boyut tahmini igin
Onerilen  esitlikteki kaya  katsayisimin
belirlenmesinde kullanmustir (Esitlik 6).

A =0,06(RMD + JF + RDI + HF)  (6)

A katsayisinin  bulunmasinda kullanilan

parametreler Tablo 1’de verilen
degerlendirmeler neticesinde tespit
edilmektedir.

Tablo 1. A Katsayisinin  Tespitinde
Kullanilan Parametreler ve Bu
Parametrelerin Belirlenmesi

(Cunnigham,1983).
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RMD Kaya kiitle sayisi
Eger kaya kiitlesi kirilgan gevrek yapidaysa | RMD = 10
Eger diisey yonde siireksizlikler varsa RMD =JF
Eger masif yapidaysa RMD = 50
JF Kaya Kiitlesi Siireksizlik Katsayist
JF =JPS+JA
JPS Diisey Siireksizlik aralig
Eger ortalama siireksizlik aralig1 < 0,1m JPS=10
Eger ortalama siireksizlik araligi
0,1m < X < fri Blok boyutlu (~ 0.5m) 1S =20
Eger ortalama siireksizlik aralig
iri blok < X < Dilim Kalinlig1 (m) IPs =30
JPA Siireksizlik diizlemi agist
Eger diizlem ag1s1 yiizeyin disina dogru ise | JPA =20
Eger diizlem ag1s1 yiizeye dik ise JPA =30
Eger diizlem ag1s1 yiizeyin i¢inde kaliyorsa | JPA =40
RDI Kayag yogunlugu Faktorii
Kayag Yogunlugu RD (t/m’) RDI=2>
RD-50

HF Sertlik faktirii
Eger Young Modiilii Y<50 HF =Y/3
Eger Young Modiili Y>50 HF = ob/5

“A” katsayisinin belirlenmesinde

stireksizliklerin bir takim ozellikleri (dolgu
durumu, birden fazla gatlak seti varlig1 vs.)
hesaba katilmamaktadir. Ayrica A katsaymin
tespitinde kullanilan RMD degerinin de
pratikte belirlenmesi zordur. Bu sebeple
genel bir degerlendirme yapilmis ve kayacin
sertligine gore;

Orta sert kaya kiitleleri igin; A=7
Sert ¢ok fisiirlii kaya kiitleleri igin;  A=10
Sert az fisiirlii kaya kiitleleri igin; A=13
olarak pratiklestirilmistir.

Cunningham (1983, 1987), Kuz-Ram

boyut dagilim tahmin modeli uygulamasinda
atesleme sirast ve gecikme araliginin
modelde yer almadigi belirtmis, ayrica gok
stireksizlik i¢eren kaya yapilarinda patlatma
sonrast boyut dagilimini belirleyen en etkin
parametrenin kaya kiitle 6zellikleri oldugunu
vurgulamistir (Hustrulid, 1999).
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Ortalama tane boyutunun tahmininde
kullanilan yaklasimlarda kiigiik c¢eliskiler
olsa da genel olarak biitiin esitliklerde kaya
kiitlesi  sayisallastirilarak  kullanilmakta,
patlayict miktar1 ve patlatmanin geometrisini
temsilen 0zgiil sarj ise ya bolimlenerek ya
da dogrudan kullanilmaktadir. Konuyla ilgili
bir diger degerlendirme de patlatilacak
aynanin sayisallastirilmasinda kullanilacak
yontemlerin ¢esitliligidir. Bu konuda kimi
yaklasimlarda dogrudan kaya¢ malzemesinin
mekanik 6zelliklerine dayanan parametreler,
kimi yaklagimlarda ise dogrudan siireksizlik

ozelliklerine dayanan parametreler
kullanilmaktadir.
Kaya  kiitlesinin  homojen  oldugu

varsayildiginda tahmin modellerinden elde
edilen degerler gercege yakin degerler
vermektedir. Fakat kaya  kiitlesindeki
stireksizliklerden dolay1 arazideki gergek
degerler ile tahmin modellerinde elde edilen
degerler farklilik gostermektedir. Bu farklari
en aza indirmek amaciyla siireksizlik
ozellikleri katsay1 olarak tahmin modellerine
eklenmekte,  kaya  kiitle  Ozellikleri
sayisallagtirilmaya ¢aligilmaktadir.

Doucent (1995) kaya kiitlesi siniflama
sistemlerinden RMR smiflama sitemi, Q
smiflama sitemi ve RQD kaya Kkalite
gostergesi ile boyut dagilimi arasindaki
iligkiyi aragtirmigtir. Buna gore siniflama

sistemlerinde diisiik kaya kiitlesi
Ozelliklerinin ~ {iniform  olmayan boyut
dagilimmna neden oldugu sonucunu rapor
etmis ve boyut dagiliminmn tahmin
modellerinde gercekei yaklagimlarin
yapilabilmesi i¢in kaya kiitle simiflama
sistemlerinin kullanilmas1 gerektigini
onermistir (Karakus, 2010).

Bu  bildiri  kapsaminda  hazirlanan
calismada kaya kiitle smiflama
sistemlerinden olan “Jeolojik Dayanim
Indeksi  (GSI)”  kullanilarak  patlatma

aynasina ait karakteristikler sayisallastirilip
patlatma sonrasi olusan boyut dagilimi ile
iligkilendirilecektir.
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3 JEOLOJIK DAYANIM INDEKSI (GSI)

Hoek (1995) tarafindan Onerilen Jeolojik
Dayanim Indeksi (GSI), daha sonra S6nmez
ve Ulusay (2007), tarafindan c¢ok daha
kullanighi  hale getirilmistir. GSI abagi
kullanilarak kaya kiitle ozellikleri sayisal
formda tespit edilebilir. GSI, 10°dan 85’ e
kadar ¢ok farkli degerler alabilmektedir. Bu
yontemde siireksizliklerin yilizey kosulunu ve
kaya kiitle yapisini temel alan iki parametre
bulunmaktadir.

Kaya kiitlesinin “catlaklilik” durumunu
belirten yapisal 6zellik puam kaya kiitlesinin

hacimsel catlak sayisindan “J)’
hesaplanabilir (Esitlik 7).

SR= - 17,5InJ,+79,8 @)
Catlak  aralik  Ol¢iimlerinden  J,’nin

belirlenmesi i¢in Palmstrom (1996) asagidaki
esitligi onermistir (Esitlik 8).

NNy N
o=t ®)

J,  :Hacimsel
adeti/m’),

L, : Her catlak takimma (1’den n’ e
kadar) dik yondeki 6l¢iim hattinin uzunlugu,

N, : Her catlak takimindaki (1’den n’ e
kadar) ¢atlak sayisi,

n  :Catlak takimi sayisi.

catlak sayis1  (catlak

Genellikle hat etiitlerinin her ¢atlak takimina
dik yonde yapilmasi giigtiir. Cilinkii catlak
takimlart farkli yonelimlere sahiptir. Bu
zorlugu ortadan kaldirabilmek amaciyla
Sonmez ve Ulusay (1999) esitlik 9’da verilen
ifadeyi onermislerdir (Arioglu, 2009).

1 1
— 4=
S1 S

Iy = et =) O

Si

S : Her catlak takiminin gercek araligi;
n : Catlak takimi sayisi.

J i &

] T 3=
Bir fotograf {izerinde sematik
hat etiidii gésterimi.

LEL il

5 R AA Kegm
Clgam LB ]

Harn

‘;__ﬂ 5 =t st saiifi

f=ha !
A Jx / !
! | Y AU
.'_ J .‘_'_I

& Ceemcekoanlik

=omtmmr aralik

o Olpiven boriy dopolsusay b sirekszli
.lo_.-||||r||su stk agt

& Surekazhim egms

Sekil 2. Goriiniir (a) ve gergek aralik (s)
parametreleri arasindaki iligki (Sonmez ve
Ulusay, 2007)

B

fleri derecede eklemli asi1  derecede
parcalanmis  kaya  kiitlelerinde  eklem
takimlarinin ayirtlanmasi oldukea giictiir. Bu
nedenle, bu tiir kaya kiitlelerinde J,’nin
tahmini i¢in birbirine dik {i¢ yonde yapilan
hat etiitleriyle belirlenen eklem sayilar1 esas
almarak esitlik 10 Onerilmistir (Sonmez ve
Ulusay, 1999).

X adet/m’

11
Jy = 5 < 5, 5, (10)
Sxyz : Birbirine dik x, y ve z yonlerindeki
ortalama siireksizlik araliklari.
Ileri derecede eklemli homojen kaya
kiitlelerinde S, = S, = S, kabul edilerek

esitlik asagidaki halini almustir.

J, = (%)3 adet/m’ an
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Buradaki S; ortalama siireksizlik araligidir.
Sonmez ve Ulusay (1999) J, igin aralik
degerlerini ISRM (1981)’ den almig ve GSI
sistemine uyarlamistir. Daha sonra 2002
yilinda modifiye edilerek saglam veya masif
kaya grubu da smniflamaya eklenmistir.
Yukaridaki esitliklerden hesaplanan J, degeri
catlak takim sayilar dikkate alinmadigindan
dogru olmayabilir ve gercekte olacak
degerden daha yiiksek degerler elde
edilebilir. Bu sorunu ortadan kaldirmak igin
Sonmez ve Ulusay (2002) asagidaki esitligi
onermislerdir (Esitlik 12):

J, =D, (%) adet/m’ (12)

D, : Birbirine paralel veya paralele
yakin olan siireksizlikler aym catlak
takiminda kabul edilerek belirlenen ¢atlak
takimi sayist

S : Ortalama siireksizlik aralig1

SR hesaplanirken Esitlik 7 kullanilabilecegi
gibi, GSI abaginin sol iist kdsesinde yer alan
grafikten de yararlanilabilmektedir.
Siireksizlik catlak kosulu puanlamasi igin
stireksizlik yiizeylerinin piiriizliiliga,
bozunma derecesi ve siireksizlik arasi dolgu
durumu dikkate alinmaktadir. Buna gore;

SCR=R, +R,, + R¢ 13)

R, :Catlak ylizeylerinin piiriizliligline
iligskin puan; (0 — 6)

Ry, : Bozunma — ayrisma — derecesi ile
ilgili puan; (0 — 6)

Ry :Catlak i¢ci malzemesine iliskin
puan; (0 —6)

Kaya kiitlesi incelenerek s6z konusu
faktorlere puanlar verili. SR ve SCR
biiytiklikleri belli olunca kaya kiitle
ozelliklerini sayisallagtiran GSI abagindan
GSI degeri bulunabilir. GSI abagi Sekil 3’ te
verilmigtir.
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Sekil 3. GSI siniflama sistemi abagi
(Sonmez ve Ulusay 2002)

4 ARAZI CALISMASI

Izmir Isikkent mevkiinde bulunan bir agrega
ocaginda 11 adet patlatma takip edilmistir.
Oncelikli olarak takibi yapilacak
patlatmalarin teknik parametreleri (basamak
boyu, dilim kalinligi, kullanilan patlayici
madde miktar1 vb.) kayit altina alinmis ve
Ozgiill sarj degerleri belirlenmistir. Ocakta
uygulanan delik geometrisi ve patlatma
deligi diisey kesiti Sekil 4’te gosterilmistir.
Her patlatma caligmasi icin belirlenen 6zgiil
sarj degerleri de Tablo 2’te verilmektedir. 11
adet patlatmaya ait 0zgiil sarj degerlerine
bakildiginda 0,5 kg/m’ ile 0,6 kg/m’ arasinda
degismektedir. Bu durum, patlatma sonrast
olusacak tane boyut dagiliminda etken
parametrenin kaya kiitle 6zellikleri oldugunu
gostermektedir.
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27-33m
Sexilama

I B3-7.7mANFO
30-42 kyidelik

Diealik Boyu
8- m

L 25 ar
amm  Temiame
{h) Gened elamak bir patatrma deligi disgey sesit
Sekil 4. Ocakta uygulanan patlatma plan
goriintiisii, (a) Temsili delik geometrisi ve
baglant1 plani, (b) Delik diigey kesiti

Tablo 2. 11 Adet Patlatma Calismasina ait
Ozgiil Sarj Degerleri

Ozgiil Sarj

Patlatma No (kg /m3)

0,60
0,57
0,54
0,56
0,54
0,54
0,55
0,51
0,50
0,53
0,49

— (OO |0 (I[N |~ [W(N|—

— | —

Patlatma aynalarina ait teknik verilerinin
elde edilmesinin ardindan, hat etiidii yontemi
kullanilarak arazi ¢aligmasinin
gerceklestirildigi  actk ocak  sahasinda
stireksizlik araliklar1 ve dolgu durumlan
belirlenmis ve kaydedilmistir (Tablo 4).
Tablo 3’te Patlatma-1 aragtirmasi igin
yapilan hat etiidii degerleri verilmektedir.
Arazi g¢alismasinin gergeklestirildigi ocakta
jeolog pusulast kullanilarak siireksizlik egim
yonii/egim degerleri elde edilen her aynaya
ait kontur diyagramlari (stereonet) ¢izilerek

stireksizlik takimlarmin sayisi belirlenmistir
(Tablo 4). Ornek olmas1 amaciyla Sekil 5°te

Patlatma-1  arastirmasina  ait  sterconet
verilmektedir.
Tablo 3. Patlatma-1 Arastirmasi igin

Aynadan Alinan Hat Etiidii Sonuglari ve
Elde Edilen Siireksizlik Araligi Degeri

O0.cm, 2.cm, 7.cm, 31-50.cm (parcalanmig
zon), 55.cm, 58.cm, 66.cm, 77-81.cm (kil, kalsit),
89.cm, 110-112.cm (kil, kiregtasy), 142.cm,
195.cm, 239.cm, 271.cm, 286.cm, 308-309.cm
(kiregtagy), 330.cm, 378.cm, 392.cm, 422.cm,
478-480.cm (kiregtast), 535.cm, 560.cm, 580.cm,
603.cm, 667.cm, 793.cm, 825.cm, 990.cm,
1041.cm, 1052.cm, 1084.cm, 1114.cm, 1150.cm,
1183.cm, 1198.cm, 1221.cm, 1272.cm, 1305.cm.

Siireksizlik araligi =1305/43=30,35cm =0,3035m

O )

Kubip Hakfss _,r
-q® A

Y]

Sekil 5. Patlatma-1 arastirmasi i¢in aynadan
elde edilen siireksizlik egim yonii/egim
degerlerine ait stereonet

Patlatma sonrasi olusan yigmi boliimlere
ayrilarak, yigimi temsil edecek sayida 6lgekli
goriintiler  alimmuis,  gorlinti  isleme
teknikleriyle zenginlestirilen goriintiilerin
boyut dagilim analizleri WIPFRAG programi
kullanilarak yapilmis, her goriintiiye ait
dagilim  grafikleri  bulunmustur. Bu
grafiklerden elde edilen veriler derlenerek
biitiin yi1gina ait ortalama tane boyut dagilim
grafigi elde edilmistir. Patlatma-1 aragtirmasi
i¢in yi1gindan alinan goriintiilerden birine ait
analiz agsamalar1 Sekil 6’te verilmektedir. Bu
yontem her patlatma icin tekrarlanarak her
bir patlatmaya ait boyut dagilimi ve ortalama
tane boyutu (Ds) tespit edilmistir (Tablo 4).
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Syan-bepsz hal

Oxfinsl Rkfral

% Agrs

Parga Rigimi |

Sekil 6. Patlatma-1 arastirmasina ait yigindan
elde edilen goriintiiniin analiz agamalart

11 adet aynadan elde edilen siireksizlik
verileri neticesinde SCR ve SR puanlari
hesaplanarak  Jeolojik Dayanim Indeksi
(GSI) abagmdan her patlatma aynasina ait
GSI degerleri tespit edilmistir (Sekil.7).

-Gill?t-ll.lml

i
‘: § Oragh ait
|

Sekil 7. Calisilan agrega ocaginda olgiim
alman aynalara ait GSI degerlerinin
gosterimi ve ocaga ait GSI degerleri
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Yukaridaki sekil incelendiginde ¢alisilan
ocaga ait GSI degerlerinin yaklasik 35 ile 50
degerleri arasinda oldugu goriilmektedir. Bu
siniflamaya gore incelenen agrega ocagi
“COK BLOKLU - dort veya daha fazla
sayida siireksizlik takimimin  kesismesiyle
olusmus ¢ok yiizeyli-koseli bloklar iceren,
kismen orselenmis kaya kiitlesi” yapisal
ozelligi gostermektedir. Elde edilen GSI
degerleri Tablo 4’te verilmektedir.

5 _ OLCUM SONUCLARININ
DEGERLENDIRILMES]

Siireksizlikler ile patlatma verimi arasindaki
iliskiyi belirlemek i¢in arazide yapilan
patlatmalardan elde edilen  wveriler
kullanilmistir. Toplam 11 patlatma aynasina
ait siireksizlik oOl¢iimlerinden elde edilen
veriler kullanilarak GSI degerleri
hesaplanmugtir. Her bir patlatma arastirmasi
icin WIPFRAG programu ile elde edilen Ds
ile Patlatma aynalarina ait GSI degerleri
arasindaki iliskinin varligi, R* = 0,86 liik bir
korelasyon katsayisi ile ortaya konulmustur
(Sekil 8).

GSI ile Ds, arasindaki grafiksel iliski
incelendiginde calisilan ocak icin 6zgiil sarj
degerleri 0,5-0,6 kg/m’ araligindayken GSI
degeri artttkca ortalama tane boyutu
irilesmektedir. Farkli bir ifadeyle 6zgiil sarj
0,5-0,6 kg/m’ araligindayken patlatilan
kayacin homojenligi arttikca pargalanma
derecesi kotiilesmekte ve iri  pargalar
meydana gelmektedir.

35
b5 -

5 gy = 00005651 - 0,0219G50 + 64805
A= 0.8571

E o
ns‘r\n.ﬁ--

o‘ *
e
e
0.1 L

ek 3 % in % k)
G5ldegerlen

Sekil 8. Dso ile GSI degerleri arasindaki
grafiksel iliski
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Tablo 4. 11 Adet Patlatma Arastirmasina ait Ds,, Siireksizlik Araligi, Catlak Seti Sayisi,

Dolgu Durumu ve GSI Degerleri

Ortalama Tane | Siireksizlik
Boyutu Araligi Catlak Sed Dolgu Durumu Hesaplanan GSI Ozgiil sarj
Sayisi Degerleri
(Ds) (m) (m)
1 0,2553 30,35 3 kiregtas, kil; > 5 mm 32 0,60
2 0,4662 50,85 3 kil; > 5 mm 47 0,57
3 0,2774 25,45 3 kil; > 5 mm 33 0.54
o |4 0,3323 20,7 2 kalsit; > 5 mm 37 0.56
i 5 0,2922 49,65 3 kiregtasi, kil; > 5 mm 36 0,54
E 6 0,3143 35,9 3 kalsit; > 5 mm 38 0,54
é 7 0,2598 25,06 2 kil; > 5 mm 34 0,55
z I8 0,3233 44,48 3 Kalsit; > 5 mm 43 0.51
9 0,2617 41,62 3 kil; > 5 mm 35 0.50
10 0,5199 29,33 3 kalsit; > 5 mm 45 0,53
11 0,5046 31,8 2 kalsit; > 5 mm 49 0,49
6 SONUCLAR tane boyutu ile iligkisi degerlendirilmistir.

Patlatma sonucu olusacak yigmin boyut
dagilimi ve ortalama tane boyutu patlatmanin
verimliligi acisindan 6nemli iki parametredir.
Gergekte bir patlatmada ortalama boyut ve
yigin boyut dagilimimin olusumu kaya kiitlesi
ozellikleri ile birlikte delik ¢api, delik boyu,
delikler aras1 mesafe delik yiikii ve atesleme
sirast ile serbest yiizey olusum mekanizmasi
tarafindan  denetlenmektedir. Madencilik
sektdriinde boyut kiicliltmenin ilk asamasi
olan patlatma iglerinde patlatma sonucu
olusacak yigina ait boyut dagiliminin
patlatma yapmadan 6nce tahmin edilebilmesi

yukarida  sayillan  degiskenleri  igeren
karmasik  modellemelerle  miimkiindiir.
Tahmin modellerinde patlayict  miktari,

patlatma geometrisi ve patlatilacak sev
aynasmin kaya kiitle o6zelliklerini igeren

ampirik  yaklagimlar  yaygin  olarak
kullanilmaktadir. Bu ampirik yaklasimlarda
ozellikle patlatilacak aynanin

sayisallagtirilmast kisminda bir takim farkli
kabuller ve ortalama tane boyutunun
belirlenmesinde kullanilan dijjital goriintii
analiz yontemleri gibi kisith degerlendirme
asamalar1 konunun tartigilabilir ve giindemde
olmasina neden olmaktadir. Bu ¢alismada da
kaya kiitle smiflama sistemlerinden birisi
olan GSI siiflama sistemi ile patlatilacak
aynanin smniflamasi yapilmis ve ortalama

Buna gore;

1. Literatiirde kabul gérmiis ortalama tane
boyut tahmini icin ¢esitli ampirik modeller
mevcuttur. Bu  modellerde  farkliliklar
olmasima ragmen ortak nokta, ortalama tane
boyut tahmini yapan ampirik modellerin
hepsinde 6zgiil sarj ile birlikte kaya kiitlesi
ozellikleri kullanilmaktadir.

2. Kaya Kkiitlesi o6zelliklerinin belirlenip
smiflanmas1t  i¢in  siirekli  gelisen ve
giincellenen siniflama sitemleri
bulunmaktadir. Bu siniflama sistemlerinden
GSI’'nin  bu ¢alismada  kullanilmasinin
nedeni; kaya kiitlesinin goriinen bozunma
derecesini en iyi yansitan sistem olmasidir.

3. GSI ile ortalama boyut arasindaki
iligkinin arastirtlmasi i¢in 11 adet patlatma
takip edilmis, patlama sev aynasinmn GSI
degerleri belirlenmistir. Buna gore sahanin
yapisal ozelligi “COK BLOKLU - dort veya
daha fazla sayida siireksizlik takimimin
kesismesiyle olusmus ¢ok yiizeyli-koseli
bloklar iceren, kismen oOrselenmis kaya
kiitlesi” olarak belirlenmistir. GSI 6zellikleri
belirlenen bu aynalarin; 0,5-0,6 kg/m’ Ozgiil
sarj degerleri ile patlatilmasi sonucu olusan
ortalama tane boyutunun belirlenmesinde
dijital goriintl analizi yontemleri
kullanilmustir.
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4. GSI ile ortalama tane boyutu arasinda
yiiksek korelasyonlu dogrusal bir iligki
(R? = 0,86) tespit edilmistir. Bunun anlamu;
bloklu, pargalanmis, siireksizlikleri az
aciklikli ve/veya kapali, siireksizlik aralar1 az
dolgulu ve/veya dolgusuz olan kaya Kkiitle
Ozelliklerine sahip aynalarda oOzgiil sarj
0,5-0,6 kg/m’ araliginda kalmak kosulu ile
parcalanma derecesi artmakta, par¢ca boyutu
diismektedir.

Her ne kadar patlatma sonucu olusan yigin

boyut dagilimi ile ortalama tane boyutu
arasinda iliski tespit edilmis olsa da bu
degerlendirme, calisma yapilan agrega sahasi
ve kiregtasina ozeldir. Diger taraftan
parcalanmanin derecesi ile olusan yigmin
boyut dagilimi arasinda fark bulunmaktadir.
Ornegin ortalama tane boyutu kiiciik
olmasma ragmen; iniform dagilmamus, tane
siiflar1 arasinda fark olan bir yigin ile
ortalama tane boyutu kismen yiiksek ama
y1g1n1 olusturan tanelerin ¢ogunun es boyutlu
olmast patlatma sonucunun daha verimli
olarak degerlendirilmesine neden olabilir.
Siireksizlik ozelliklerinin az oldugu GSI
degeri yiiksek kaya kiitlesi yapilarinda,
patlayict enerjisi kaya kiitlesi igerisinde
homojen bir sekilde yayilarak pargalanmanin
kontrol edilebilmesini saglayabilir. Diger bir
degisle kaya kiitle 6zellikleri yiliksek, masif
ortamlarda pargalanmanin derecesi tahmin
edilebilir. Ancak kaya kiitle 6zellikleri zayif
stireksizlik ortamlarda yapilan patlatmalarda
ortalama boyut diisik c¢iksa da kontrol
edilemeyen iri boyutlu taneler olusabilir.
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Evaluation of Squeezing Potential in the Sabzkouh Tunnel

K. Shahriar, M. Ataee Pour, A. Asrari

Department of Mining and Metallurgical Engineering, Amirkabir University of Technology,
Tehran, Iran

ABSTRACT In this study, squeezing potential of the Sabzkuh Tunnel was evaluated. The
squeezing is common phenomenon in the weak rock masses under high in-situ stress. This
phenomenon may slow down TBM operation and increased the pressure on the lining or even
damage it. Several parameters such as geological condition, in-situ stress, pore pressure and
rock properties affect the behavior of rock mass. Several methods have been proposed for
prediction of squeezing potential. In this study, the empirical and semi-empirical approaches
were used to determine squeezing potential of the Sabzkuh Tunnel. According to the
geological condition, the tunnel is divided to 10 different zones. Squeezing potential was
evaluated for each zone and the results show that, the squeezing could happen in the most of
the zones. To determine the time dependent behavior of rock, the triaxial creep test performed
on the specimens from each zone in the tunnel rout which their results used as input

parameters for the numerical modeling of the long-term behavior of rocks.

Keyword: squeezing, Sabzkuh Tunnel, triaxial creep test, numerical method,

1 INTRODUCTION

The squeezing of tunnels are a common
phenomenon in poor rock masses under high
in situ stress conditions(Singh et al. 2007).1t
is observed in weak rocks such as Schist,
phylitte, mudstone, siltstone, flyschs, Tuff,
Shale and  etc(Shrestha &  Broch,
2008)(Aydan et al. 1996)(Hoek , 2001). The
occurrence of this phenomenon is depended
on the geological and geotechnical
conditions, the in-situ state of stress relative
to rock mass strength, the ground water flow
and pore pressure, and the rock mass
properties. Squeezing is closely related to the
excavation and support techniques which are
adopted. If the support installation is
delayed, the rock mass move into the tunnel
and stress redistribution takes place around
it. On the contrary, if deformation is
restrained, squeezing will lead to long-term
load build-up over rock support (Barla,
2001).

The term squeezing has been often
vaguely-defined in the literature. In general,
definitions of squeezing include the ideas of

(i) time-dependent behavior; (ii) failure of
the rock mass due to overstressing around
the excavation; and (iii) large convergences
and/or large loads on the support (Jimenez &
Recio, 2011). Conceptually, the term
squeezing is different from swelling. The
swelling is volume increase of the ground
due to water absorption or to other physical—
chemical processes (Terzaghi, 1946), while
definitions of squeezing published by the
International Society for Rock Mechanics
(ISRM) is the time dependent large
deformation of a rock mass, which occurs
around a tunnel, and is essentially associated
with creep caused by exceeding a limiting
shear stress. Deformations may terminate
during construction or continue over a long
time period (Barla, 1995).

Such large deformation causes some
problems during and/or after construction
such as: reductions in the cross-sectional area
of an opening, slow down or obstruct TBM
operation, increased the pressure on the
lining or even damage it and finally resulting
in great difficulties for completing
underground works, with major delays in
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construction schedules and cost overruns.
Hence, prediction of squeezing conditions is
of great importance to a designer for
designing a stable support system of the
tunnel (Singh et al., 2007).

2 SQUEEZING ASSESSMENT

Many authors have proposed a number of
approaches for the assessment and support
design for the squeezing ground in
subsurface constructions. These approaches
can be grouped in the following categories:

1. Empirical &Semi-Empirical

2. Analytical

3. Numerical modelling

2.1 Empirical & Semi-Empirical
Approaches

The Empirical approaches are essentially
based on classification schemes. A well-
known empirical correlation to anticipate
squeezing conditions based on the Q-value of
the rock mass and overburden (H) was
presented by Singh et al.(1992)(Table 1). In
addition, similar empirical correlation was
submitted by Goel et al.(1995) by
considering the tunnel depth (H), the tunnel
span or diameter (B), and the rock mass
number (N) (Table 1).Recently, a novel
empirical method for prediction of squeezing
conditions in rock tunnels was proposed by
Jimenez et al.( 2011) which is based on the
application of the theory of linear classifiers
to an extensive database of well-documented
squeezing case histories from tunnels in the
Himalayas. This method allows proposing
new class-separation lines to estimate the
occurrence  of  squeezing  conditions
(squeezing vs. no-squeezing).The equations
of 50% squeezing probability line is
presented in table 1which could say that is
the modified of Singh’s et al (1992)
correlation.

Semi-empirical approaches offer
indicators for predicting squeezing, and also
providing some tools for the estimation of
the expected deformation around the tunnel
and/or the support pressure by using closed
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form analytical solutions for a circular tunnel
in a hydrostatic stress field. The common
starting point of all these methods for
quantifying the squeezing potential of rock is
the use of the “competency factor”, which is
defined as the ratio of uniaxial compressive
strength of rock/rock mass to overburden
stress (Barla, 2001). For instance, Jethwa et
al. (1984) predicted tunnel squeezing based
on the ratio between rock mass uniaxial
strength (o.,) and in situ stress (po=7YH)
which includes four degrees for classes of
squeezing intensity (tablel).

Other researchers have also proposed
estimates of degrees of squeezing intensity
based on estimation of tunnel deformations.
Aydan et al. (1993) based on the experience
with tunnels in Japan, proposed to relate the
strength of the intact rock (o) to the
overburden pressure (yH). Squeezing
conditions will occur if the ratio (o./yH) is
less than 2.0.also, based on the analogy
between the stress-strain response of rock in
laboratory testing and tangential stress-strain
response around tunnels, they proposed five
different degree of squeezing based on the
ratio between the peak tangential strain at the
tunnel boundary and the elastic strain limit
for the rock mass (table 1).

Hoek (1999) showed that the ratio of the
uniaxial compressive strength of the rock
mass (o.,) to the in situ stress (py) can be
used as an indicator of potential tunnel
squeezing problems. Also, Hoek et al. (2000)
presented a curve to be used as a primary
indicator of tunnel squeezing problems. In
this curve, proposed five levels of squeezing
based on tunnel strain which was plotted
against the ratio o.,/po. Table 1.

Singh et al. (2007) used the critical strain
to quantify the degree of squeezing potential.
In the literature, the value of critical strain is
generally taken as 1% but they showed that
the critical strain is an anisotropic property
that depends on the properties of the intact
rock and the joints in the rock mass, and
suggested a correlation for estimation of
critical strain. Finally, they proposed the
Squeezing Index (SI) (defined as expected
strain divided by critical strain) to predict
levels of squeezing potential in tunnels.
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Tablel. Empirical and Semi-Empirical methods for squeezing assessment in the tunnels

Considerations relation Parameters methods
1
Squeezing: H > 350Q3 H= 3500% Q: rock mass quality Singh et al.
Non squeezing: H < 350Q3 H: overburden (1992) -
Squeezing: H « (275N%3%)B~1 N: rock mass number Goel et al. .:-_).
- 033yp-1
Non squeezing: H » (275N%33)B~1 H = (275N>*)B B: tunnel span (1995) ‘2,
H: overburden g
Squeezing:H >> 424.4Q0-32 H = 424.4Q°3° Q: rock mass quality Jimenez et al. =
No squeezing: H < 424.4Q°32 H: overburden (2011)
Ocm: rock mass uniaxial
highly squeezing: c;_m <04 compressive strength Jethwa et al.
o o (1984)
moderately squeezing:0.4 < =™ < 0.8 N, = Zem _ Oem Po: In situ stress
. Po po VH y: rock mass unit weight
mildly squeezing:2 < o <2 H: tunnel depth below
non squeezing: U;‘" >2 surface.
0
. 2 _ o, uniaxial compressive
Non-squeezing: €5/e§ < 1 =L =250 ¢
q 2 €5/ b £, strength of intact rock Aydan et al.
£, a. . B
Light-squeezing: 1 < g5/¢§ < 1, Ns = — = 30,725 Eo° tangential strain of (1993)
& circular tunnel -
c e. . S
Fair-squeezing: 1, < £3/¢5 <1, Ny = _ 50,7032 €g: elastic strain limit of 'g
e rock mass e
Heavy-squeezing: ng < £3/€5 < 1 Ee! elastic strain limit of GE)
intact rock —
Very heavy squeezing:n; < £3/€§ &p, €, & strain values .g
=
pi €,: tunnel strain =
few support problems: & < 1 =0.15 (1 ——) t =)
PpomiP o Do pi:Internal support Hoek and E
minor squeezing: 1 < & < 2.5 Ucm_<(3%)+1)/((3'8%)+0'54) pressure Marinos (2000) 1‘)
0 0 .
o Zem o
severe squeezing: 2.5 < e < 5 Do Po: In situ stress E
o.m: Rock mass strength 7]
very severe squeezing: 5 < £ < 10 Oem = (0.0034m,°%) 0, m;:Hoek-Brown constant
i GSI: Geological Strength
extreme squeezing: 10 < ¢ —0.1m)16S! g g
queezing x [1.029 + 0.025¢-0m)] Index
(o)™ Q: rock mass quality
No squeezing: SI<1.0 =311—r =75 ’ .
q € Fer E;y06Q02 y: density of rock mass Singh et al.
Light squeezing: 1.0<SI<2.0 ; (0,))°% o UCS of intact rock (2007)
€ =584 ———— . i
Fair squeezing: 2.0<SI<3.0 °r E;03Qo12 By elastic modulus of

Heavy squeezing: 3.0<SI<5.0
Very heavy squeezing: 5.0<SI<10

_ Observed or expected strain

Critical strain

the intact rock,
g Critical strain
SI: Squeezing Index
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However, due to simplicity and ease of
use, the Empirical and Semi-Empirical
approaches still play a crucial role for
squeezing prediction (Jimenez & Recio,
2011) and very useful method in preliminary
studies, but in these methods, the results are
qualitative and no time variable is taken into
account therefore in complex condition, it’s
preferred to use other method such as
analytical and/or numerical modelling
approaches.

2.2 Analytical Approaches

Methods for analysis of tunnels in squeezing
rock conditions need to consider (Barla,
2001):

e the onset of yielding within the rock
mass, as determined by the shear
strength parameters relative to the
induced stress

o the time dependent behaviour.

In the most of analytical solutions the
tunnel is assumed to be circular and the rock
mass elasto-plastic and isotropic, subjected
to a hydrostatic in situ state of stress. But
these models do not consider the time-
dependency of the squeezing phenomena.

Nevertheless, some analytical solutions
were proposed to consider the time-
dependency of deformations in squeezing
ground. For instance, Fritz (1984) presented
a solution for axisymmetric tunnels in elasto-
viscoplastic media. Recently, Fahimifar et al.
(2010)proposed an analytical solution for
predicting time-dependent deformation of
tunnel wall by using the Burger’s body
which is able to model the primary and
secondary creep regions of the rock mass.
Also, Nomikos et al.(2011) presented an
exact closed form solution for the
mechanical behaviour of a linear viscoelastic
Burgers rock around an axisymmetric tunnel,
supported by a linear elastic ring.

2.3 Numerical Modelling Approaches

Numerical methods which used for
modelling of squeezing condition must
represent the time-dependent behavior of the
rock. Several time-dependant constitutive
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models have been proposed to model the
complex time-dependant behavior of rock
mass. Such as these time-dependant
constitutive models are rheological models
which include:

e Visco — elastic model(Kelvin,

Maxwell, Burgers model),

e Visco-elasto-plastic model

model)

o Elasto-visco-plastic model (Sterpi &

Gioda, 2009).

Also, empirical creep models have been
used as the time-dependant constitutive
models which are usually expressed in
simple mathematical forms (power law,
hyperbolic law and exponential law
(Phienwej et al, 2007) (Shalabi, 2005)) with
a small number of parameters. These
parameters usually have been defined by
using the tunnel monitoring data, which
represent the real behaviour of the rock mass
at the scale of the tunnel.

Some of these time-dependant constitutive
models have been implemented in numerical
code to simulate the time-dependent rock
mass behavior. For instance, Shalabi (2005)
used power and hyperbolic creep models to
model ground squeezing by ABAQUS finite
element analysis software. Nadimi et al.
(2011) implemented power constitutive creep
model for back analysis of time-dependent
behavior of Siah Bisheh cavern by 3-
Dimensional Distinct Element Method
(3DEC software).

(CVISC

3 CASE STUDY: SABZKUH
WATERTUNNEL

The Sabzkuh water tunnel project is
located about 68 km south of Shahr-e-Kord
city, in the Chaharmahal-Bakhtyari province
in the west of Iran. The project is designed to
control flood in the Sabzkuh drainage basin
and transfer 75 million m® of water annually
from the Sabzkuh drainage basin to the
Choghakhor dam reservoir in order to
provide water for drinking, industry and
agricultural development of the region.
Outline of the area is shown in Figure 1.

The tunnel has a circular cross section
with 4.5 m diameter and has been excavated
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with a double shield TBM in the length of
about 10 km with gradient approximately
0.001.The maximum over burden in the
tunnel route is aboutl 160m.

Figure 1-the outline of tunnel area

3.1 Engineering Geology

The study area is situated on the north side of
Zagros Mountain which including Paleozoic
and Mesozoic units.

The lithology of the tunnel route mainly
consists of limestone, marly and dolomitic
limestones, dolostone, shale and variable
sizes of alluvium. At the project area, there
are karstic features and traces, including
sinkholes, solution dolines, lapies, poljes and
shallow caves, which are locally observed in
limestone. Furthermore, 18 faults are
detected in these areas which have created
crushed zones around them with different
thickness. The main geologic structure at the
project area is the Sabzkuh syncline.

For geotechnical evaluation and rock mass
classification, the field observation,
geophysical exploration, the field tests and
laboratory experiments have been used and
finally, according to geology and geological
engineering studies, the tunnel is divided to
10 different zones. The basis of this division
is the lithological properties of the layers, as
well as structural differences, and therefore
geomechanical properties. These zones
include: Shale with Marly Limestone (Sh-
Ml)«Marlstone and Marly Limestone (Ma-
Ml) <Limestone with Marlstone (Li-Ma),
Limestone and Shaly interlayer (Li-Sh) ¢
Massive Dolomite (M-Do), Dolomitic

Figure 2. Engineering geological
section of Sabzkuh tunnel
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Limestone (Do-Li), Brecciated Dolomite
(Br-Do), Shale with Sandstone(Sh-Sa) and
Crushed Zone (CZ).An  engineering
geological section of Sabzkuh tunnel is
shown in Figure 2.

RQD, RMR, Q, N and GSI systems have
been used for classification of rock masses
for different zones in the tunnel route. Figure
3 shows the GSI table for different zones in
the tunnel rout.
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Figure 3. Table of GSI for different zone in
the tunnel route
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4 PREDICTION OF SQUEEZING IN
THE SABZKUH TUNNEL

As previously mentioned rock mass strength
and over burden (in-situ stress) are the main
factors for the occurrence of squeezing.
Many authors use the ratio of uniaxial
compressive strength of rock mass to
overburden stress for quantifying the
squeezing potential of rock. In the Sabzkuh
tunnel, due to very high overburden (up to
1160 m) and presence of weak zone, shear or
crushed zone, layered formation and fault in
the tunnel route, the occurrence of squeezing
would be probable.

Hence, for prediction and quantifying of
squeezing potential in the Sabzkuh tunnel’s
zones, the empirical and semi-empirical
approaches are implemented. These methods
are include: Singhet al.(1992), Goel et
al.(1995), Jimenez et al.(2011), Jethwa et
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al.(1984) and Hoek et al. (2000).The
squeezing potential for each zone are
evaluated by these methods and the result are
shown in the figure 4,5,6,7 & 8 and
summered in table 2. In these methods, the
average value of geomechanical properties
and maximum over burden in the tunnel’s
zones have been considered.

As can be seen in Table 2, squeezing
could happen in the most of tunnel zones.In
the initial zone, i.e. Sh-Ml,Ma-Ml&Li-Ma,
squeezing is not probable because in these
zones, the overburden is low.In the Sh-MI(1l)
zone, according to three methods Singh et
al.(1992), Jethwa et al.(1984) and Hoek et al.
(2000), squeezing could happen and
according to Hoek et al. (2000) method is
estimated very severe squeezing.

Ve
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Figure 4. Prediction of squeezing potential
for Sabzkuh tunnel’s zone by Singhet
al.(1992)
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Figure 5. Prediction of squeezing potential
for Sabzkuh tunnel’s zone by Jimenez et
al.(2011)
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Figure 7- prediction of squeezing potential
for Sabzkuh tunnel’s zone by Hoek et
al.(2000)

The Li, Li-Sh &M-Do zones have a
stronger rock mass in the tunnel route but the
overburden is very high and faults and
discontinuities are presented in these zones.
According to table 2, there is a squeezing
potential in these zones and degree of
intensity is between Fair to heavy squeezing.
Also, the risk of rock burst phenomena
should be studied in these zones.

al.(1995

Br-Do zone is Brecciated Dolomite zone
with a weak and jointed rock mass. In this
zone, the core recovery is less than 40% and
RQD is about 15%. Based on table 2,it is
expected that heavy squeezing would be
occurred in this part of the tunnel.

Sh-Sa is the critical zone in the route of
tunnel. The rock mass is shale and have a
very low strength. The maximum overburden
in this zone is about 360 m. This zone is the
most likely one for the occurrence of
squeezing in the tunnel route.

According to table 2, the problems of
squeezing are very serious in the Sh-Sa, Br-
Do, Sh-MI(ll),Li-Sh and M-Do zones .the
degree of squeezing intensity in these zones
are estimated between heavy to very heavy
or extreme squeezing condition. So, for
better understanding of rock mass behavior,
more studies should be done in this zone.
These studies are including the time
dependent behavior of rock mass. Therefore,
to determine the time dependent behavior of
rock, the triaxial creep test was performed on
the specimens from these tunnel zones. Here,
the studies on Br-Do zone are presented.

5 TRIAXIAL CREEP TEST

To study the time dependent behavior of
rock, triaxial creep tests have been
conducted. In the tests, multiple stress levels
were applied to small cylindrical specimens
with a diameter of 54 mm and height of 100-
110 mm. The stress level increment ranges
from 2 to 5 MPa. Each stress level is

567




K. Shahriar, M. Ataee Pour, A. Asrari

maintained for at least one day. The longest
test lasted 41 days. Figure 9 show a stress-
time and strain-time curves for the test on the
specimen CH-T3(1).

The Specimens are prepared from rock cores
of CH-T3 borehole that are drilled in the Br-
Do zone. Most of these Specimens contain
various flaws such as fractures, thin bedding,

and pores with or without filling. Presence of
these flaws and particularly the filling are the
main reason for creep behavior of this rock.
Figure 10, show flaws in the rock specimens

Table 2. squeezing prediction by empirical method

Over Singh | Jimenez
Tunnel zone from to Goel (1995) Jethwa (1984) Hoek (2000)
burden | (1992) | (2011)
Self- Mildly- Few problem
Sh-Ml1 0+000 | 0+344 57 NS! NS . ) .
supporting squeezing support
. ) Few problem
Ma-Ml 04344 0+482 36 NS NS No-Squeezing | No-Squeezing
support
. Mildly- Few problem
Li-Ma 0+482 | 0+960 199 | NS NS | No-Squeezing .
squeezing support
. Moderate- Minor
Ma-MI(1l) 0+960 1+229 308 NS NS No-Squeezing . .
squeezing squeezing
. Highly Extremely
Sh-MI(11) 1+229 1+383 346 s? NS No-Squeezing . .
squeezing squeezing
Moderate- Mildly- Few problem
Li 1+383 2+914 761 S S . . . .
squeezing squeezing support
High- Highly Very severe
Li-Sh 2+914 3+758 1136 S S . . . . .
squeezing squeezing squeezing
High- Highly severe
M-Do 3+758 7+071 1157 S S . . . ) .
squeezing squeezing squeezing
Moderate- Highly Extremely
Br-Do 7+071 7+706 562 S S . . . .
squeezing squeezing squeezing
Mild- Mildly- Minor
Li-Do 7+706 8+255 460 S NS . ) . .
squeezing squeezing squeezing
Mild- Highly Extremely
Sh-Sa 84255 8+430 352 S S . . .
squeezing squeezing squeezing
Mild- Mildly- Few problem
Li-Do(1l) 8+430 8+911 408 S NS . .
squeezing squeezing support
. Mildly- Minor
Br-Do(ll) | 8+911 | 9+390 209 NS NS | No-Squeezing : .
squeezing squeezing

! Non-squeezing
% squeezing
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strain(mm/mm)

Test-1
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Figure 9. Creep test on Ch-T3(1) specimen

Figure 10. Core rock specimen from 254 to
255m in borehole CH-T3

As discussed in the section 2, many creep
models have already been proposed. These
reflect the fact that the creep behaviour of
rock is very complicated depending on the
rock types, stress conditions, temperature and
etc. In this study, The Burger creep model
was used for the modeling of creep behavior
of rock. This model can describe the elastic
strain (&), primary creep (g;) and secondary
creep (&) as follows:

_ (2+ 1)+0[1 th]_l_o.t
e=olor t36,.) T3t PO P

Parameters, K, and G, are the bulk
modulus and shear modulus of the spring, 1,
is the viscosity coefficient of the dash pot in
the Maxwell section and Parameters Gy, and
Nk are the shear modulus of the spring, and

the viscosity coefficient of the dash pot in the
Kelvin body.

Kedvin
=echon

dsplacements

Figure 11. Schematic of Burger model
(Itasca, 2002)

For all of the stage tests, the creep
parameters of Burger model can be obtained
by curve fitting of the axial strain vs. time
curves based on Burger creep law. Elastic
strain, primary creep and secondary creep
were analyzed separately (figure-12). The
average creep parameters obtained are shown
in Table 3.

Table 3. Creep parameters of Burger model

K Gm Gy Nk Nm

9.57¢9 1.29¢9 2.23¢9 8.15¢l10 1.74¢l3

primary creep-Test 1

0.004

0.0035
T 0003 - ettt @ ViatOriC
£, 6025 stress 3
R il
E 0.002 J? == deviatoric
- stress 5
= ]
£ 0.0015 —
:-'; 0.001 deviatoric

0.0005 e stress 6.5

o — ——deviatoric

0 200 400  stressdfo
Time(min)

Figure 12. Primary creep in for the stage of
tests 1
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secondary creep-Testl
=== deviatoric

0.0014 stress 6.5
0.0012 - )
deviatoric
E 0.001 stress’5
E 0.0008 deviatoric
E 0.0006 stress 10
5 0.0004 - iatoric
a 0.0002 stress 3
0 Linear
&) ””” ' ' (deviatoric
10,0002 500 1000 strel28%)
Time (min)

Figurel3. Secondary creep for the stage of
test-1

6 NUMERICAL SOLUTIONS

In this study, FLAC’® (Version 3) was
selected for numerical modelling of Sabzkuh
tunnel. The Burgers model has been used for
the time dependent behavior of rock. The
input data for modeling are shown in the
table 3 and a 3D model of excavated tunnel is
given in figure 14.

Table 3-model parameters

Parameters value
K 1.62¢9
G 0.55¢9
Gy 2.23¢9
Nk 8.15e10 (min.pa)
Nm 1.74e13 (min.pa)
Over burden 562 m
Density 2.65 (gr/cm3)
Ko 1.35

In modeling, tunnel is assumed to be
without support. The purpose of modeling is
to study the time dependent convergence of
tunnel in delay time which occurred in
excavation stages. Numerical modeling was
performed for tow time period (one week and
one month). Figure 15&16 show the
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displacement against creep time for sidewall
of tunnel.

FLACID LO0 |8 T8 wmemns

10 2000 heee
1540 R am e XY

Wil e
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Figure 14. 3D model of excavated model
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Figure 15. The displacement in the side wall
against creep time for a week

Figure 17 shows the displacement around
the tunnel after one month. As can be seen
the floor convergence is larger than the crown
convergence
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Figure 16. The displacement in the side wall
of tunnel against creep time for a month
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Figure 17. The displacement around the
tunnel after one month

7 CONCLUSION

In this study, the squeezing potential of
Sabzkuh tunnel was evaluated by empirical
and numerical method. In Sabzkuh tunnel,
Due to high over burden and weak rock mass,
the squeezing could happen in the most part
of the tunnel. Empirical methods also predict
fair to heavy squeezing for most zones in the
tunnel rout.

To study of time dependent behavior of
rock masses in the Br-Do zone, triaxial creep
was perform on specimens from the CH-T3
drill hole. In the tests, multiple stress levels
were applied to the specimens which were

constant for 1 to 5 days. The longest test
lasted 41 days.

In the numerical modeling of time
dependent behavior of rock, the Burger
model have been used and creep parameters
was obtained by curve fitting of the axial
strain vs. time curves based on Burgers creep
law. Numerical model showed a high
convergence in  tunnel.  This  high
convergence causes some problems at the
delay time in the excavation stage.
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Behavior Assessment of Seismic Activity in Tabas Coal Mine
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ABSTRACT Tabas Coal Mine (TCM) is the first fully mechanized coal mine in Iran. TCM is
in an active seismic area with eleven earthquakes of surface wave magnitude of 7 or greater
recorded to have occurred in the last 80 years within an approximate radius of 500 kilometers
around the mine locality.

With using of different relations of peak horizontal ground acceleration, it was shown that
if an earthquake of the same magnitude and focal depth of the Tabas earthquake of 16
September 1978 occur within approximately 9 kilometers of the mine site, then collapse of
the mine or severe damage would be expected whilst with distances greater than 50
kilometers no damage would be expected. In addition, the behaviors of induced earthquake
on stability of TCM were assessed and were concluded that these earthquakes in distances

farther than 20 km cause no damage.

1 INTRODUCTION

One of the stages of underground space
design is the assessment of seismic activity
and earthquake risk. The importance of this
subject is when the area is seismic and major
earthquakes were occurred there. The goal of
this study is to evaluate the response and the
kind of destruction of excavations under
seismic loading, and determine the safe
scope of mine for prevention and reduction
of damage. The behavior of an excavation to
an event of seismic loading depends on
effects of static and transient related to
seismic loading on an excavation (Brady and
Brown, 2004).

The effects of the seismic events can be
assessed in several ways; the first uses the
magnitude of the earthquake, whereas the
second considers the intensity, characterized
by the relative degrees of shaking observed
at the area of specific interest.

1.1 Classification of Earthquakes

Type of earthquakes is divided into four
categories by seismologists, which are
tectonic, volcanic, collapse and explosion
(St. John and Zahrah, 1987). On the other
hand, earthquakes can be classified into two
types of natural and induced. Triggered or
natural earthquakes have been occurred as
results of tectonic deformation of drifting
plates, volcanic activities (such as volcanic
eruptions) and from surface processes like
erosion and  sedimentation, induced
earthquakes have been created from Human
activities and specifically induced stress
perturbations of large-scale geoengineering
constructions, which achieve or exceed
triggered levels, though (Klose, 2010).
Determination of type of earthquakes
(induced or natural) is very difficult,
although previous analyses have expressed
with appropriate accuracy that large-sized
earthquakes (> M6) with deep epicenter
(>10 km) can be considered triggered or
natural earthquakes, although, exceptions
may be existed (Klose, 2013).
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1.1.1 Induced earthquakes

Geoengineering activities which are the
main cause of creation of induced
earthquake include: surface and underground
mining,  artificial =~ water  reservoirs,
hydrocarbon  production, waste water
injections deep underground, injections of
carbon dioxide deep underground, deep
geothermal  energy  production, and
formation of artificial land (Klose, 2010,
2013). Figures 1-2 illustrate number of
human-triggered earthquakes, versus time
and the type of geoengineering activity,
respectively.

.

&f&ié’#@f&d’#f@i#f@

o

Nurter of Eathuebes
8 B

Figure 1. Number of induced earthquakes
versus time, which are based on events with
moment magnitudes Mw>4.5 (Klose, 2010,

B Flining

Extemciion npciion B Rasrmi

2013)

Figure 2. Number of induced earthquakes
according to the type of geoengineering
activity, which are based on events with
moment magnitudes Mw>4.5 (Klose, 2010)
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Induced earthquakes are mostly occurred
in stable continental regions (>75 %) (Klose,
2007a). In contrast, they are slightly
occurred in active continental regions (e.g.,
California, Japan or Turkey) (<25 %) that
might be due to the fact that less attention is
paid or assuming of natural origin (Klose,
2013). In general, induced earthquakes tent
to occur in regions next to the
geoengineering activities, stable continental
regions and create lasting seismic activities
in there (Klose and Seeber, 2007, Klose
2007, 2013). In addition, human caused
earthquakes to nucleate in very shallow
depths (<10 km); this assumption is based on
that the geomechanical pollution on shallow
crustal faults may cause failures (Klose,
2013).

1.2 Earthquake Magnitudes

For engineering purposes, the size of the
earthquake is represented by its magnitude.
Several magnitude scales currently used are:
the local magnitude, the surface wave
magnitude, the body wave magnitude and
the moment magnitude which are
symbolized by M;, M,, M, and M,,
respectively.  Definitions  and  their
application of each of these scales are
provided by Housner and Jennings (Housner
and Jennings, 1982; St. John and Zahrah,
1987). In addition, by the following
equations 1-4 for earthquakes with
magnitude >M3.0 can be corrected in
moment magnitudes M,,. Frequently, M,, is
utilized for comparison of seismic events.

M, =1.27(M, —1)-0.016M; e}
M, =0.67(+0.005)M

+2.07(£0.03)3.0< M, <6.1 ()
M, =0.99(+0.02)M

+0.08(+0.13)6.2<M, <82 3)

M, =0.85
+1.03

Where M;, M,, M, and M,, are the local
magnitude, the surface wave magnitude, the
body wave magnitude and the moment

+0.04)M,
+0.23)3.5<M, <6.2 4)

~_~ L~
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magnitude, respectively (Kanamoril983;
Scordilis, 2006; Klose, 2013).

1.3 Influence of Earthquake on Mines

Intensity of shaking has been proven to be
less severe underground than at the surface
except for very soft deposits, (Duke and
Leeds, 1959; Kuesel, 1969; Dowding and
Rozen, 1978; Dowding, 1979). It is shown
that influences of natural earthquake on
underground mining are limited, but these
effects on surface operations are not ignored,
and their resistance to earthquakes depends
on the geomechanical properties of the
ground, slope angle and water saturation
(Lenhardt, 2009). Stevens supported this
observation by stating that the effects of
earthquake shaking are less in mines or
caverns than at the surface due partially to
the fact that many mines are located in solid
rock, which is a good transmitter, and the
wave energy is passed on through the rock
with a minimum decrease in speed and the
smallest displacement possible (Stevens,
1977).

A number of reports were cited by Tamura
et al. to highlight further the reduced effects
of earthquakes below the ground surface
(Tamura et al., 1969). Dowding concluded
from a number of observations in relation to
tunnel damage as a result of earthquake
shaking, that due to the same intensities,
tunnels are much safer than surface
structures. Also, in Modified Mercalli levels
which little damage to tunnels is caused, the
amount of destruction of surface structures is
substantial (Dowding, 1979).

However, there are some examples of
damage caused by the earthquake in tunnels
such as the twin Bolu tunnels (Diizce
,Turkey), Wrights railway tunnel (California,
United States), Kern County railway tunnel
(California, United States) hit by the 1999
Diizce Mw=7.2, the 1906 San Francisco
Mw=7.7 and the 1952 Kern County Mw=7.5
earthquakes, respectively (Kontogianni and
Stiros, 2003). Thus, it is recommended that
underground constructions within active
earthquake areas should be at least 150 m
below the surface.

2 CHARACTERISTICS OF THE
STUDY AREA

TCM is the first fully mechanized coal mine
in Iran that produces 1.1 million tonnes coal
per annum. The mine is located in coal
bearing basins of Parvadeh 1, which is in a
remote  rugged desert  environment
approximately 85 kilometers south of town
of Tabas in Yazd province in mid Eastern
Iran. North, south, east and west of the
region is surrounded with quite smoothly
desert plains, Triassic Jurassic heights,
Shotori Mountains and Kalmard heights,
respectively. Regional structure is almost
uneven and its height from sea level is 800
to 1050. Parvadeh 1 anticline is limited to
Rostam fault in north, boundary fault of
Parvadeh 1 and 2 in south and southeast,
sediments formation of Nayband in east and
currently to a special North - South cross
section in the west.

The study area is a desert region with a
continental dry climate as previously
mentioned, temperature fluctuations between
-6.5°C and a maximum temperature of
49.5°C  have been recorded at the
meteorological station Parvadeh area. The
humidity and rainfall of the area are low
(IRITEC, 1992) .Location of TCM district is
illustrated in Figure 3.

R = I}z(:cumn Sea L""’t
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Figure 3. Location of TCM district in Iran

575



H. Kamranpoor Jahromi, K. Shahriar

The Grid Reference location of the TCM
that was used in the assessment of seismic
impact on the TCM was:

Latitude: 33. 000°
Longitude: 56. 800°

To assess the hazard from seismic activity
at the locality of the TCM it is first
necessary to analyze past records of seismic
activity for the region and determine what
effects, they have had on the mine. This
information can then be used to predict the
hazard to the mine associated with future
seismic activity and provide a basis of a
seismic hazard assessment. Location of
TCM district is illustrated in Figure 3.

3 DATA AND METHODS

The effects of seismic activity decrease with
distance from the source of the earthquake
due to attenuation of the wave energy as it
passes through the ground. The effect of an
earthquake for a specific locality is
therefore, dependent both on the magnitude
of the earthquake and the distance of the
earthquake source from the locality. In
general, the influence on underground
structures not only depends on obvious
distance of earthquake ground motions and
the magnitude of the generating earthquake
but also related to geomechanical properties
of the surrounding rock mass, the
overburden, the azimuth of the earthquake,
its stress drop, rupture direction and seismic
magnitude (Lenhardt, 2009).

In order to comment on the risk
associated with seismic activity upon the
stability of the Tabas coal mine, it is first
necessary to establish the effects that would
have been experienced at the locality of the
mine of the previous earthquake activity.
This information can then be used to predict
the level of future risks associated with
seismic activity.

3.1 Estimation of Earthquake Effect on
Underground Structure

Sharma and Judd stated that the most
significant parameters when determining the

576

stability of an underground structure in a
potentially active seismic area are depth,
rock type, support type and earthquake
parameters (Richter local magnitude and
epicentral distance). The estimation of
seismic risk is in general a difficult problem,
for which important parameters are not
always available (Sharma and judd, 1991).

Nieto-Obregon state that seismic risk may
be evaluated in terms of three parameters of
the probability of occurrence of a large
earthquake, the vulnerability of structures
likely to be affected by earthquake motions
and The value of these structures from an
environmental, economic and social
perspective. The first of these is very
difficult to estimate. In reality, the only
imaginable way to estimate or predict the
magnitude and intensity of the largest
possible earthquake for any given region is
to analyze past records (Nieto-Obregon,
1989).

Most tectonic earthquakes pass unnoticed
underground but in few cases, little damage
is experienced. Throughout the latter
earthquake, only sudden dust was observed
in the underground excavations, since on
surface high level of damage was observed
(Lenhardt, 2009). Based on experience, it is
recognized that underground structures
suffer damage only under exact situations.

Dowding and Rozen have correlated
successfully the relationship between
earthquake intensity and magnitude against
underground structural damage. Although
these studies were primarily centered on
underground tunnel damage, these tunnels
were located in rock environments;
therefore, the applications of these results for
this problem are valid (Dowding et al.,
1978). Owen and scholl, Sharma and judd
and Power et al. have updated Dowding and
Rozen’s work with 127, 192, 217 cases
histories, respectively (Hashash et al., 2001).

A summary of Dowding and Rozen’s
work is given in the following Table 1 and
Figure 4.
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Table 1. Summary table relating peak ground acceleration to level of damage (Dowding and

Rozen, 1978; Lenhardt, 2009)

Peak surface Peak surface Underground damage  Damage on surface = Macroseismic
acceleration (g) acceleration (m/sz) to buildings intensity
<0.18 <1.77 None frequent heavy 7
(No damage) damage
0.18 - 0.25 1.77-2.45 Few minor heavy damage to 8
(Minor damage) many buildings
0.25-0.5 2.45-49 Little massive 8-9
(Minor damage)
>0.5 >49 Larger major 10
(Damage/collapse)
08 1979). It has, however, been observed that
severe local damage might occur if the mine
o intersects a fault, and if there is any
_ . Damage displacement along .this fault during the
5 o6 O‘Z . earthquake (Kaplanldes and Fountoulis
2 P . 1997). Bedding planes and  other
2 RS S discontinuities may also serve as local faults
EER '2;‘“ ““““““““““ | T within a mine structure.
5 A 2
é o —P 3.2 Seismicity data for the Tabas region
§ 03 _A E oo Minor damage Data in relation to previous seismic activity
8 % in the region of Iran where TCM is located
S o ‘uo ¢ was obtained from the British Geological
R e Survey  (BGS) and  International
e . ‘e e Seismological Centre (ISC), Earthquake
. o damage R R . .
Olm Information Services, which have compiled
o a World Seismicity Database (IRITEC,
S I O I | 2003; ISC, 2012). The database provides

10 30 50 70 90
Ordinal number of case

Fa Near portal
A Shallow cover

» No damoge
o Minor doamage,due to shaking
& Damage from shaking

Figure 4. Calculated peak surface
accelerations and related damage
observations for earthquakes (Owen and
Scholl, 1981; St John and Zahrah, 1987)

Dowding and Rozen state that "no
damage" implied post shaking inspection
revealed no apparent new cracking or falling
of stones. "Minor damage" implicit fall of
stones and formation of new cracks whilst
"damage" implied major rock falls, severe
cracking and closure (Dowding and Rozen,

data relating to the location, magnitudes,
epicentral depths, and intensities of
earthquakes from 2500 BC onwards with
increasing completeness and quality of
solution with time. Prior to approximately
1900 the data was obtained mainly from
historical sources whilst after that date, the
data was derived from instrumental records.
In this study, data was taken from
International Seismological Centre (ISC) for
the years after 1900, and before that date,
data was obtained from the British
Geological Survey (BGS).

The seismic data was obtained from the
BGS and ISC for an area about 1000
kilometers by 1000 kilometers around and
approximately centered on TCM, thus
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approximating a 500 km radial area around
the mine locality. This data forms the basis
of this seismic assessment study. The
seismic data for the 1000 km® region around
the TCM indicates that the region has been
an area of extensive seismic activity. The
largest recorded earthquake is recorded to
have occurred in 856 AD and had a surface
9
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wave magnitude (Ms) of 8.1. The level of
seismic activity is illustrated in Figure 5,
where the earthquake magnitudes are plotted
against their date of occurrence for all
recorded earthquakes since 800 ADs. Prior
to this date only very few earthquakes have
been recorded.
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Figure 5. Surface wave magnitude (800 to 2012 AD) Tabas region

3.3 Seismic loads

There are two different methods to evaluate
the seismic characteristics and predict
earthquakes, empirical and  physical
modeling of the problem. Empirical
modeling is a mathematical model based on
regression techniques and varied data, which
is important to have proper and adequate
data for this approach. The other method is
based on the stochastic modeling approach
and random vibration theory, which is useful
in the case of lack of certain data (Zafarani
et al., 2008).

Iran is one of the world's most earthquake
prone regions, which is located along the
Alpine-Himalayan orogenic belt and there
are more than 1000 stations in different
active seismic regions (such as Tabas
region) of Iran. As a result, there is sufficient
and appropriate data then using of empirical
approach is reasonable. To assess the effects
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that the ground motions would have on the
mine stability, comparisons against Dowding
and Rozen's limits on peak surface ground
accelerations for underground tunnel
damage have been made. The ground motion
was determined as the peak horizontal
ground acceleration (PHGA) expressed in
different units like gravity (g, 981 cm/s?),
m/s> and cm/s” which was calculated using

the attenuation laws, several empirical
attenuation relationships are described
below:

Fukushima and Tanaka, Ambraseys and
Bommer, Ulatas and Firat Ozer, Ghodrati
Amiri et al. and finally Bagheri et al.
represent empirical attenuation relationships
(equations 5-9) which are:

Fukushima and Tanaka's relation includes
the Japanese region earthquakes:

log(4) =[~log,, (R+0.032x10°*"*" )]+0.217M, +
0.41M,—0.0034R+1.3 (5)
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Where A, M, and R are PHGA (cm/sz),
surface wave magnitude and distance from
the fault rupture zone, respectively
(Fukushima and Tanaka, 1990).

Ambraseys and Bommer's relation
includes the European region earthquakes:

log,, (A) =-0.87+0.217M_ —log,, ((dZ " hz)o.s)
~0.00117(d” + 4’ )"'5 6)

Where A, M; d and h are PHGA (g), the
surface wave magnitude, source distance
(km) and the focal depth (km), respectively
(Ambraseys and Bommer, 1991).

Ulatas and Firat Ozer’s relation represents
the Turkish region earthquakes (equation 8):

log,, (4) =~log,, (R+0.0183x10"**"* )~ 0.0015R

+0.5344M,, —2.7809 (7)

Where A, M,, and R are PHGA (g), the
moment magnitude and the closest distance
from the fault rupture zone (km),
respectively (Ulatas and Firat Ozer, 2010).

Ghodrati Amiri et al. and Bagheri et al.
have provided two relations for Alborz and
Central Iran with the assumption of rock
condition (equations 9-10):

In 4=4.15+0.623M, —0.96In[R] 8)
log,, (A4)=2.173+0.185M, +0.006M?
~0.938log,, ((d> +1*)"*) )

Where A, M, R, d and h are PHGA
(cm/s?), the surface wave magnitude and the
distance of hypocenter to site (km) that is
obtained by the S-P Method, source distance
(km) and the focal depth (km), respectively
(Ghodrati Amiri et al., 2007; Bagheri et al.,
2011).

4 DISCUSSION AND RESULTS
4.1 Data Distribution

For this study, more than 750 data were
applied within an approximate radius of 500
kilometers around the mine locality. The
distributions of data are shown in the below
histograms, which figure 6-7 indicate the
number of records versus  scope range of
surface wave magnitude and ranges of
distance (km), respectively.
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Figure 7. Histogram of distance (km)

4.2 Seismic Hazard Assessment

Figure 8 show plots of the calculated ground
motions for TCM against dates of the
seismic events with different empirical
relations for the period 1900 to 2012 AD,
these plots are related to the top 250
earthquakes, which produced much PHGA.
It can be seen from the figure that all the
earthquake events were calculated to have
generated ground motions less than 1.8 g,
and therefore, would be considered to have
no effects on the stability of the TCM. The
earthquake that was predicted to generate
the greatest amount of ground motion at the
site occurred in 1978 with a focus recorded
to be approximately 75km to the west of the
Tabas mine. This earthquake had the surface
wave magnitude (M;) of 7.4 and was
predicted to have generated a PHGA up to
0.12 g. According to table 1, this degree of
ground motion would be anticipated not to
cause any damage in the mine. The available
seismic data, therefore, indicates that past
seismic activity would have caused little or
no damage to the TCM.
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In appendix, each graph of different
empirical relations of PHGA, based on
changes in PHGA (g), surface wave
magnitude (M), source distance (km) and
focal depth (km) were plotted.

4.3 Affect of Earthquake on TCM

Although the Seismicity data indicates that
no seismic event in the past would have
caused damage to the Tabas coal mine, the
data also indicates that the mine is within an
area of active seismicity with eleven

580

earthquakes of Ms magnitudes of greater
than 7 occurring within the last eighty years.
To illustrate the effect that the most well
known recent earthquake would have on the
Tabas coal mine at varying distance from the
mine the peak ground accelerations were
calculated for the Ms=7.4 earthquake with
that occurred on 16 September 1978, and
which had a devastating effect on the town
of Tabas itself. Figure 9 plots the PHGA
against distance between the mine site and
earthquake focus with different empirical
relations.
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Figure 9. PHGA versus distance to TCM
(M=7.4, focal depth = 34.1 km)

It can be seen according to different
relations of PGHA, if this earthquake had
occurred within nearly 9 km of the mine,
then damage/collapse of the mine would be
anticipated. With the focus between
approximately between 9 and 50 km distance
of the mine correspondingly minor damage
would be anticipated. With the earthquake
focus greater than 50 km from the mine then
no damage would be expected.

According to Table 1, in the near ground
portal area of drifts or adits the effects of
ground shaking may be more damaging, and
it is recommended that additional
reinforcement use in these areas. It should be
also being taken into consideration that
tunnel displacement by fault movement
usually results in serious damage. It is
therefore recommended in areas of faulting,
additional free standing steel supports be
installed.
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4.3.1 Affect of induced earthquakes

With mine advance, the possibility of
induced earthquake in a radius of about 30
km of the large-scale mining increases.
Magnitudes of these earthquakes directly
depend on the tectonic stress regime
(especially reverse fault regimes), magnitude
of the mass shift and lateral distance that
indicates an approximation of the rupture
size (Klose, 2010, 2013).

According to table 2, the earthquakes
within 30 km of TCM are observed, which
occurred after the commencement of coal
extraction. The seismic characteristics are
quite similar to induced earthquakes. In
Figure 10, the amount of acceleration due to
earthquake induced by assuming of shallow
depth (6 km) and medium-sized earthquake
(M=6) is shown. In addition, the impacts of
this type of human-made earthquakes on the
surface facilities must also be considered.

Table 2 . Earthquakes within 30 km of TCM

DATE LAT LON DEPTH MAG
1/5/2008  33.042  56.541 43 32
7/24/2008 33.1 56.93 14 3.7
8/24/2008  32.9837 56.9207 10 3.7
6/11/2011  33.073  57.098 7 3
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Figure 10: PHGA versus distance to TCM

(M=6, focal depth = 6 km)

According to graph, if this earthquake had
occurred within nearly 5 km of the mine,
then damage/collapse of the mine would be
anticipated. With the focus between
approximately between 5 and 20 km distance

of the mine correspondingly minor damage
would be anticipated. With the earthquake
focus greater than 20 km from the mine then
no damage would be expected.

5 CONCLUSIONS

Tabas coal mine is in an active seismic area
with eleven earthquakes of Ms magnitude of
7 or greater recorded to have occurred in the
last 80 years within an approximate radius of
500 km around the mine locality. However,
predictions of ground accelerations caused
by the recorded seismic events indicates that
the mine locality would have been
unaffected by any of the events. These
predictions are independent of the effects of
seismic events on triggering reactivation
movement on faults that may be present
within the mine and which would depend on
a variety of unknown factors.

The incompleteness of the seismic data,
which may not include all earthquakes with
a magnitude of greater than 7 prior to 1900,
introduces a level of uncertainty into
whether an earthquake may have occurred or
may occur in the future within the
influencing distance of the mine site. It is
shown that if an earthquake of the same
magnitude and focal depth of the Tabas
earthquake of16 September 1978 occurred
within approximately 9km of the mine site,
then collapse of the mine or severe damage
would be expected whilst with distances
greater than 50 km no damage would be
expected.

The earthquakes within 30 km of TCM
which occurred after the commencement of
coal extraction are quite similar to induced
earthquakes. So, it is necessary to assess the
behavior of this type of earthquake on TCM
and especially, on the surface facilities.
According to determining of impact of
induced earthquake, it was shown that if it is
occurred within approximately Skm of the
mine site, then collapse of the mine or severe
damage would be expected whilst with
distances farther than 20 km no damage
would be expected. However, induced
earthquakes have an inverse relation
between their distance and magnitude.
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Figure 11. Graphs of different empirical relations of PHGA, based on changes in PHGA (g),
surface wave magnitude (M), source distance (km) and focal depth (km)
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ABSTRACT This paper analyses the behavior of swelling soils when they are moistened
under buildings and structures. The methods and principles used currently for the design of
structure foundations on swelling soils involve important problems due to non uniform
deformations of these soils when subjected to the structure loads. In order to avoid the
negative effects of swelling soils and to reach the desired performance on one hand, and the
economical results on the other hand, the special computations of the foundations stiffness
and deformability must take into consideration the prevention of the swelling soils feature
and in some cases preserve it. The current study was conducted in order to design flexible
continuous footings on swelling soils taking into account the water content change on one
hand and the contact pressure distribution on the footing on the other hand.

1 INTRODUCTION

In any geotechnical study relative to a
construction project, the swelling of a soil
has a character as important as its settlement.
The dimensional variations, which result
from this phenomenon, constitute a
permanent challenge for the design and
geotechnical engineers. The durability of the
structure constructed on the swelling soils
depends on the good appreciation of the
phenomenon.

The swelling of the clayey soils,
containing smectites or illites in variable
quantity, is at the origin of numerous
distresses in buildings and large structures.
These disturbances are frequent in the
regions with dry climate as some Caucasian
parts, in Kazakhstan, Algeria, Morocco, etc.
These soils, called "swelling", can provoke
important material damages, or even partial
to total rupture of the structure, when they
are not taken into account in the design of

projects. It is therefore important to foresee
correctly the possible distortions of swelling
soils, in amplitude and speed of evolution,
and to analyze their influence on the
serviceability or the stability of the structure.
The inflating soils have been a major
concern for the designers for many years.
Some construction procedures have been
developed to limit the effects of inflation on
the constructions and can be found notably
in the classic works, of Mouroux and al.
(1988) in French, Sorochan (1989) in
Russian, and Chen (1988) in English.

Currently, an abundant documentation
explains the mechanisms of the swelling of
the clays, as much in the microscopic level
as in test-tubes tested in laboratory or in-situ
soil. Nevertheless, the survey of the behavior
of the structures in contact with swelling
soils constitutes a complex task and the
existing methods contain some
insufficiencies. Most of the research carried
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out, is limited to the amplitudes of inflation
of the clay soils in nature, under loads of
superficial foundations. Little attention has
been paid to the propagation of the inflation
phenomena in the mass of the swelling soils
as a function of time.

2 IDENTIFICATION OF THE
MATERIAL

The studied swelling clay comes from the
Urban District of Baku (Azerbaijan) where it
has provoked many disturbances in the

structures of a concrete channel. The survey
has been achieved on test-tubes of
undisturbed clayey soil samples, dated of the
Pliocenes collected from the Shamour
channel”". Apcheron", (Baku, Azerbaijan) by
the laboratory of soil mechanics of the
Institute of civil engineering of Baku within
a  research (Figure L.).

program

Figure 1. Example of disorders in the construction of « Samour —Apcheron » concrete

channel.

2.1Mineralogical Analysis

A diffractometry analysis by X-rays has
been achieved to determine the mineralogy
of the studied soils. The physical and
mechanical properties are given in Table 1
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Table 1. Physical and mechanical characteristics of the studied clay soils

Soil characteristics Symbols Unit Values
Natural water content \\Y% % 10 -16
Degree of saturation Sr % 83-91
Wet Unit Weight 7 kN /m’ 21.6 -22.5
Dry Unit Weight va kN / m’ 17.7-18.3
Specific Unit Weight 7 kN/m’ 273-274
Voids Ratio e % 49.6 —54.2
Porosity n % 33-35
Liquid Limit WL % 46 - 51
Plastic Limit Wp % 24 -32
Plasticity Index Ip % 19-22
Liquidity Index I % -41.0 to -74.0
Coefficient of compressibility ay 1/MPa 0.08
Modulus of distortion between 0.1 - E MPa
0.2MPa 7.0-7.8
- At natural water content 60-72
- After saturation
Cohesion C MPa
- At natural water content 0.2-0.58
- After saturation 0.08 —-0.14
Internal friction angle ? Degree
- At natural water content 25-31
- After saturation 17 -23
Grain size distribution
0.5-0.25 mm % —
0.25-0.1 mm %, —
0.1 -0.05 mm % 18.26
0.05-0.01 mm % 23.58
0.01 — 0.005 mm % 11.79
0,005 -0.001 m o 4637
The chemical analysis of the samples of inflating clays gave the following
composition:
Si0,: 52.28 % Al,O5: 15.27 % Na,0: 2.73 %
K,0: 2.59 % MgO: 2.45 % Ca0: 6.70 %
TiO2: 0.79 % n0,: 0.10 % Fe,05: 6.77 %

The chemical analysis by the method of dosage of the elements composing the
swelling clay has given the results of Table 2.
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Table 2. Chemical composition of the studied clays

N° ofthe Units Denomination
sample Na+K Ca™ Mg™ €l SO, HCO, CO, PH
1 % 1388 149 033 73 6.59 1.19 0.63 7.5
% 12.18 1.69 033 7.30 5.42 0.89 0.59 7.8
3 % 13.88 1.29 0.25 730 6.84 0.89 0.39 7.8

3 EXPERIMENTAL ANALYSIS AND
INTERPRETATION OF THE RESULTS

The rate of swelling, corresponds to the
relative variation of volume (in %) of a
sample subjected to a non-excitant overload
or very low load (generally the weight of the
piston in an oedometer) when it is put in
contact with water with no pressure. The
pressure of swelling is constituted of an
"osmotic" component due to the difference of
concentration in salts of the interstitial water
and a "matrix" component governed by the
initial negative interstitial pressure of the
sample that plays, in most cases a major role.
Numerous methods have been proposed in
the literature to evaluate the potential of a
swelling soil from the measure of the
parameters of plasticity and grading - for
example Seed and al, 1962 (quoted by
Didier, 1972) , Komornik and David, 1969,
Vijayvergiya and Ghazzaly 1973,
Dakshanamurphy and Raman, 1973 (Meisina
in, 1996), Chen, 1988, and E.A.Sorochan,
1989 .

For these authors, a very high swelling
potential corresponds to a free swelling
(expressed in percentage) superior to 25%, an
high potential, to an inflation between 5 and
20%, a medium potential, to an inflation
between 1.5 and 5% and a low potential, to
an inflation lower to 1.5%. For Komornik
and David (1996), the corresponding
pressures of swelling are, respectively,
superior to 300 kPa (potential very elevated),
varying between 200 and 300 kPa (elevated),
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between 100 and 200 kPa (medium) and
lower to 100 kPa (weak).

Several methods also exist to measure the
pressure of inflation in oedometer, among
these methods we quote:

Method of Huder and Amberg (1970) .
Method of inflation with constant volume,
according to the ASTM norm D 4546-90.
Method of inflation or settlement under
constant load, which requires several
identical samples.

Free swelling method followed by a

reloading.
The experimental studies on the inflating
soils (or expanding) show that the

percentage of a soil inflation should
increase proportionally with its density, its
limit of liquidity, its contents clay, its
indexes of plasticity and shrinkage, as well
as its pressure of pre-consolidation (Seed
and al, Ranganatham and Satyanarayana,
1965; Vijayvergiya and Gazzaly, 1973 and
E.A.Sorochan, 1989 ). These same studies
report that the pressure of inflation of an
expanding soil should be inversely
proportional to its natural water content.
The analysis of the experimental results,
allowed us to draw the curves giving the
variation of the swelling potential in
function of time for different values of the
compression stresses. It also allowed us to
establish the dependence of the water
content after inflation in function of the
different values of the compression
stresses, the distortion of soils after their
inflation in function of the different
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as well as the
inflation  potential
water

compression  stresses
variation of the
according to the
oedometer tests.

content in

Figure 2. Test of inflation in a free cell
oedometer (without piston)

Figure 3. Swelling test in an oedometer under
loading

The following section is relative to the

mathematical description of the laws of
behavior and inflation established from the
oedometric testing of the samples.
The dependence of the water content
inflating soil on the compression stresses
after inflation has the shape of an exponential
function, hence:

W =Wy e(_ﬂ)) (1)
With:

0
Wsw . The content in water of a sample after
swelling without load (P = 0)
And

[kl 0

For the interval of the stresses, that is
generally from 50 kPa to 400 kPa in civil and

industrial constructions, the dependence
between the water content of soil inflating
and the compression stresses can be
approximated by the relation.

Way = Way —NP G)
With

7

sw: Initial value of content in water taken
from the graph wg, = f(P) (Figure 5.).

NX: Depends directly on the slope
Wg, = f(P) and for the study of soil by the
oedometer, we obtain:

Wey =024;  N=02MPa’
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The following section is relative to the
mathematical model describing  the
expansion mechanism, established from the
oedometric tests.

The dependence of the water content of
an expansive soil, on the compression
stresses (after swelling has taken place) can
be expressed by an exponential function:

Wew = WSOW 6(7]?) (1)

with:

wd, - Water content without loading (P = 0)
__ (1 w,

and 7 _(ij[WSW] )

For the interval of stresses, generally
between 50 and 400 kPa in civil and
industrial constructions, the dependence
between the water content of the expansive
soil and the compression stresses can be
approximated by the relation.

Wsw :WSW_NP (3)
With:

Wsw . Initial value of water content given by
a straight line in Figure 5.

X : Slope of the curve in Figure 5.

The obtained values are:

Wey =024; N =0,2MPa’

In this part, five models of inflation
prediction according to the geotechnical
properties of the inflating clays have been
considered. Their formulations are given in
Table 3.

Further review of the models indicates
that:

Some models do not have as parameter
the content in natural water of soil: models
of Seed and al. first model of Vijayvergiya
and Ghazzaly.

The limitation of the domain of
application of these formulas between a
lower boundary- of the inflation amplitude
from which the soil is qualified as inflating
(5%) and an upper boundary mark is equal
to the greatest percentage of inflation
having been observed (60%). This allows
us to determine, from these models, a
minimum water content comparable to the
shrinkage limit of and content in maximal
water comparable to liquid limit.
Mathematically, the models of prediction
should constitute functional relations
between a dependent variable, the
percentage of inflation, and some
independent explicative variables.

Table 3. Tested Models of prediction for the inflation of the clays.

Model Reference Mathematical expression

Seed and al. (Slegeglza;nd al. g0, =21610 124

Nayak and Christensen Nayak and o 222010 215 C L 6ag
Christensen o Towy
(1971)

Vijayvergiya and Vijayvergiya oG, ) = 24270 + 0,650, ~1305

Ghazaly-1 and Ghazzaly ' 19,5
(1973)

Vijayvergiya and Vijayvergiya e, ) = 2L =Wy +55

Ghazaly-2 and Ghazzaly ™ 12
(1973)

Johnson Johnson (1978) Pour Ip<40

£y =—9,18+1,55461,, + 0,08424 7 +
+0.1W, —0,0432W, I, —0,01215Z I,
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Figure 7. Variation of the swelling potential in function of the water content.

4 PROPOSITION OF A MODEL FOR
THE SWELLING POTENTIAL OF THE
STUDIED CLAYS

The analytical results obtained show that, the
mechanism of variation of the potential of
soil inflation, dependent on the values of
compression stresses and the variations of the
contents in water in the process of its
swelling, is governed by:

r ][(VVSW — W)~ NP} (4)

Egp =oy| 1-——

Sw Sw [ PSW

As it was showed by the analysis, this
analytical expression leads to determine with
a good precision the value of the swelling
potential of the clayey soils on the basis of
their features obtained from the tests on
samples of soil inflating in oedometer molds.
This formula contains the specific features of
the swelling soils:

€sw : Potential of swelling.
5.?w : Potential of swelling without loading.

P, : Pressure of swelling.

W sw: Initial value of water content given by
the graph W = f(P) (Figure 5.).
The expression of the inflation potential is

different from the one found in the literature
by a good approximation of the non-linearity
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of ¢, =/(P) , so that the power of the P
steers does not exceed 2

5 CALCULATION OF THE FLEXIBLE
STRIP FOUNDATIONS UNDER THE
ACTION OF THE SWELLING SOILS

The superficial foundations on swelling soils
must be designed by taking into account the
capacity of these soils to inflate when their
content in water increases. The design of the
foundations on swelling soils must take into
account the various possible shapes of soil
distortion at the time of the wetting such as:

- uplift of the foundation under the effect of
the soil inflation;

- drop of the foundation in the layer of soil
that inflated because of the deterioration of
these physical and mechanical properties
caused by the wetting;

- uplift of the foundation followed by its drop
in the soil that inflated.

The swelling soils are characterized by a
swelling pressure P, water content of
inflationw,,, and a value of the inflation
distortion (¢, under the imposed pressure P).
Given a flexible strip foundation of length L,
with a constant bending rigidity on the whole
length, the action of some outside loads ¢(x),
and the layer under the footing composed of
one clayey inflating soil, the interaction of
the foundation base with the surface of
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inflating soil is determined according to the
following proposed model :

R() = Ksb[y(x) = 5,,,(x)] 5)

where:
R(x): Reaction of the inflating soil pressure
on the footing.
K : Coefficient of rigidity of the swelling
soil.
b : The foundation width.
¥(x) : The foundation strain.
The function S, (x) represents the variation
in the vertical direction of the basis of the
foundation to the upper surface of inflating
soil, it is expressed as:
S (x) = Sgp™ = Sew () (6)

In this last expression Sg;* is the final
distortion  after  stabilization of the
phenomenon of inflation that is concomitant
with the minimal value of the contact
pressure. Sg; (x) is the non uniform distortion
induced by the swelling soil on the basis of
the foundation in function of the variation of
the water content The action of the contact
pressure on the base of the footing is in
conformity with experimental research [1]

P _

Sow (x) = Ssowﬂl_ P(X):|[(WSW _Wo)_NP(x)]} (7)
Sw

S%y : Absolute amplitude of free swelling of

soil, equal to: S9, = &9, .Hg, With

0 . . .
€sw * Free relative swelling,

H gy, - Thickness of the swelling soil layer.
Py, : Pressure of swelling.

W, : Initial water content.

Wy, - Initial value of the water content of the
swelling soil, with P =0

(Strait line that cuts the vertical axis taken
from the diagram of the function

w,.= (P); (Figure. 5)

N : Slope of the straight line representing the
diagram of the contents in water according to
the compression stresses.

P(x): Distribution of the contact pressures
under the base of the foundation, in

correlation with the theoretical method of
Simvoulidi concerning the calculation of a
foundation on elastic soil.
P(x)=d, +%(x—0.5L) +%(x—0.5L)2 +%<x—0.5L)3 ®)
where:
L : the length of the foundation

Ay, ays s 4 known parameters
depending on:
- the foundation rigidity.
- the foundation length.
- module of soil distortion.
- type and the location of the external load.
The indicative values of the parameters, in
spite of their slight contribution facilitate the
convenient calculations.

The differential equation of bending

concerning the foundation will be written as
follows:

ELy" () + Ksb[y(x) =5, (0] = ¢(x) ©9)

Ely" (x)+Kgby(x)=q(x)+KsbS,,(x)  (10)

Equation (10) can be used for bending of the
footing on elastic soil, under the influence of
an outside active load g(x)and
complementary loads.

q.y(x)=KgbS,,(x) : the equivalent load on
the footing of a non-uniform distortion due to
the contact of the surface of the footing with
swelling soil after variation of its content in
water.

Equation (10) can be written:

P (0 +4a* () = (0 (11)
where:
1
Kb |4 _
a—(Mj,]] ; 4 =q(®) +q,, (%)
For computational convenience, let us

consider the non-dimensional coordinates.
n=ax. In these conditions the derived
functions (x) with respect to x and 7 are
given by.
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dy(x) _ dv(x) dy _ dv()
dx dn dx d(mn)

V'(x)=

_ 0 _dPy() dn_ o d()

n(x > S\
Y & dr72 dx an
” dyx) Py ,d d?
() = yg ) _ y(3 ) 24n _ 5 y(}n)
dx dn dx dn
4 4 4
ylV(x)zd y(x)zd y(x)asﬂ_azt d"y(n)

&t d774 e d’74

Equation (11) with the non-dimensional
coordinates takes the following form:

d* y(n) 4
Tant +4y(n) = X, bq(n)

(12)

The boundary conditions of the problem are
given by:

y(0)=0

;9 (0)=6, (13)
EIy" (0)=-M,

SELY" (0)=-0
Where: y,,0,,M,,0,, are initial parameters
of the problem:
¥o : The strain of the footing.
0, : the rotation angle .
M, : bending moment.
0, : The shear in the beginning of the section

of the footing (with n=0).

The mathematical formulation of the problem
of the bending of strip foundation on a
deformable basis due to inflation, leads to the
resolution of the linear equation of the non-
uniform distortion of the fourth degree (11)
with constant coefficients. In general the
resolution of this equation is based on the
global resolution of an uniform equation.
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d*y(n)

7+4a“y(77):0 (14)

(14) designates the particular solution of the
heterogeneous equation (12).

The global resolution of the homogeneous
equation (10), expressed with the help of the
fundamental functions of Krylov

D)3 y2G1); y3()sand y, (1) s

Y1) = Ay, (m+ B y,(m+Cys(17) + Dy, (17) (15)
where:
»i(n) =cosnchn

NAY)] :%(sinn chn +cosn shr)
1.
Y3 () :ESIHU shn

1, .
A :Z(Slnn chi —cosn shi)

The function of Krylov satisfies the
conditions of Cauchy and constitutes what is
called the matrix unit:

»O=1;y0=0y;(00=0  y,(0)=0
y@=0 3 0)=1y(0)=0 »;(0)=0
yO=0  y3(0)=0y{0)=1 y;(0)=0
y=0  yj(0)=0y/0)=0 yi0)=1

While using the matrix of reduction and
boundary conditions (13), the constants of
integration, A, B, C and D are then given by.

A=y, 3 B:égo 5
1 1

C=—" M, :D=—"0Q,.
0 CE

Considering the obtained expressions, the
solution of the homogeneous equation (14) is
written as:

| M 0
Y = yo3i )+ 607 ) —ﬁyg(n) —ﬁh () (16)

The fundamental functions y,(7) (i=1;2; 3
and 4) possess remarkable properties; they
express themselves by successive products
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with  precision untii some constant
coefficients repeat themselves, that is to say:

i) ==4y,(n;  y{()=—4y;(n);

W =4y, »" () =49 ().
Yo =y (1); V() =—4y,(1m);

VI =4y )" () =4, (p).
y3(1) =y, (); y3(m) =y (m);
V) =4y, () ys" () =—4y3(p).
SAGVESHG)S i) =y, ();
Vi) =y (p); va" () =4y, (p).

The features of the Krylov function lead to
simplifications in the solution of the problem,
as for example the non-necessity to express
boundary conditions between separated
sections of the foundation.  This
simplification leads to a unique solution of
the shape equation (11). This solution
permits to operate with any intermittent
loads, with the exception of the one, where
the unity matrix is reduced to zero with any
type of anchorage of the foundations in the
beginning of the section and when two out of
the four unknown initial parameters are taken
equal to zero.

The partial solution of the heterogeneous
equation (12), considering the theory of
Krylov takes the following shape:

(n-2)q(5)ds a7

The global solution of the problem of flexible
foundations, free and supported by elastic
compressible soil, (M, = Q, = 0), has the
following expression:
Y1) = yon (4003, ) + [ v, (- E)7(€)dE (18)
The computation of tl{‘é kmlues of the reaction
due to the pressure of soil, the bending
moment and shear force, is carried out by
means of expressions (19), (20) and (21):

O@) =

P(7) = Kg b[y(n) -3, ()] (19)
2
M) = —azEl% (20)
n

- d da’y(m)
oa an

€2y

6 CONCLUSIONS

For expansive soils, the designers are only
interested in the measurable quantities which
are generally the pressure and the amplitude
of expansion. These values influence the
choice of the foundation system. On the basis
of the non-linearity of the physical
mechanism of distortion, the method
developed in the present work, relates the
phenomenon of expansion with the
distribution of the contact pressure, the
rigidity of the foundation and the soil
properties, as well as the type and value of
the external loading.

The proposed mathematical formulation
includes the different parameters influencing
the behavior of a flexible strip foundation in
contact with an expansive soil and delivers
the general solution.

The solution obtained in the studied real case
corresponds to that of Krylov expressed by .
The obtained results open new perspectives
for methods of conception of foundations on
expansive clay soils
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Cimentosuz Macun Dolgu Uygulanabilirligi Uzerine Bir
Inceleme ve Macun Dolgu Yerinde Dayaniminin Laboratuvar
Testleri ile Yanlis Tayininde Konsolidasyon Etkileri

An Investigation on Uncemented Paste Backfill Applicability and
Consolidation Effects on Inaccuracy of Paste Backfill in situ
Strength Estimation by Laboratory Tests

E. Komiirli, A. Kesimal, B. Ercikdi

Karadeniz Technical University Mining Engineering Department, Trabzon, Turkey

ABSTRACT In this study, it is aimed to point out the importance of consolidation condition
differences between laboratory mixes and mine paste backfill for the responsibility of
laboratory mix specimen tests. As another topic, strength of consolidated and drained
uncemented paste backfill (UPF) was tested with Cayeli copper-zinc mine tailings. Necessary
strength for paste fill is explained. Applicability of UPF is commented according to measured
mechanical parameters. It 1s seemed that uncemented tailings can have enough strength to be
durable under own weight of 5—7 meters height material. This height is up to tailings type and
its consolidation. Even though it fails under its own weight, UPF can be applied as efficient
reinforcement for some specific situations. Paste backfill consolidation ratio is different for
laboratory mix specimens and in situ backfill material. Much more time is needed for in situ
consolidation of backfill material. Cemented paste backfill can’t complete consolidation in
stopes. Its consolidation is stopped by hydration reactions. Consolidation ratio varies due to
tailings type. Strength of paste backfill changes with void ratio of wet and granular media
during hydration. This situation causes misleading laboratory results. When different material
designs are compared, tailings that supply higher strength for laboratory specimens can be
lower in situ strength one. Reasons are explained with consolidation theory.

Keywords: Paste Backfill, Consolidation, Uncemented mine fill, Sub-level Caving

1 INTRODUCTION . .
caving, cut-and-fill mines all over the world

Paste backfill (PF) is a type of underground
mine reinforcement and it generally contains
tailings of mineral processing plant.
Cemented wet tailings material is pumped to
underground. Therefore, rheology of backfill
is important. Water content has to supply
applicable liquidity (Kesimal et al., 2004).
Paste-backfill material is Non-Newtonian
fluid; it doesn’t flow without applying stress.
Typical yield strength of fresh paste backfill
is between 0.1 and 0.7 kPa (Yumlu, 2008).
Millions tons of waste is generated each
months in the world. Deposition of waste is
very important topic about environment. PF
supplies advantage about disposing of mine
waste material. With PF technology,
underground stopes can be supported
economically by using mineral processing
glant tailings. Therefore, paste backfill will
e standard application for many sub-level

(Belem and Benzaazoua, 2004).

Generally, paste backfill is not used as
main supporting material. Cemented rock
backfill is main support that has higher
strength. And, paste backfill reinforces the
rock backfill, as it is schematically shown in
Figure 1. Although strength increases for
higher cemented PF, fluidity mustn’t be as
excessive as non-applicable level. Loaded
rock fill (RF) tends to expand in horizontal
direction, paste backfill reacts and causes to
occur horizontal reinforcing pressure on RF.
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Figure 1. Interaction of rock and paste fills

The mission of paste backfill is not carry
stope roof load. Because of its high water
content, high rate settlement is actualized as
a result of consolidation. Therefore, empty
volume occurs between paste backfill and
stope roof. If backfill is not drained, particles
settle in wet media and moist backfill layer
occurs on saturated backfill. Because of fine
material content, consolidation time is long
for paste backfill (PF). PF solidifies before
consolidation ends. Strength is affected by
excess water/cement ratio (Komirlii and
Kesimal, 2011). Draining decreases the PF
consolidation time. Void ratio decreases
more with more consolidation (Uzuner,
2007). Draining decreases the water content
in PF. Strength is increased by draining PF
(Ercikdi et al., 2008). Draining pipes can be
used in stopes. Figure 2 shows usage of
draining pipes, schematically.

Up-Level

Harricade Buppart
Dy adsdug Pipas

Dcmn-l.ﬂ'gl_ £

Figure 2. Draining in stope

When near stope is produced, paste backfill
has to have enough strength to be durable
under its self weight. Vertical stress due to
PF self weight can be calculated as it is
given in Equation 1 (Hudson and Harrison,
2000).

o=yz )
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y is unit volume weight of material (kN/m’),
z is the depth from the top of backfill (m).
Uniaxial compressive strength has to be
higher than stress due to weight. 1 MPa can
be seen as widely aimed strength to reach for
many paste backfill applications that have
about 15 meters backfill height (Ercikdi,
2009). Even though 0.45 MPa 1s seemed as
enough for 30 kN/m’® unit volume weight. 1
MPa can be assumed as very typical desired
strength for investigated conditions in mine.
In addition to strength for static loads,
reaction of backfill must be considered for
dynamic loads since the stopes are opened
by blasting. Ore dilution actualizes as a
result of blasting (Ercikdi et al., 2003).

Draining also decreases the applied
horizontal load on barricade. Horizontal
stress of backfill material is applied on
barricades (Komiirlii, 2012). Horizontal
stress level is function of vertical stress and
k ratio, as it is shown in Equation 2 (Gergek,
2007).

on=ok 2

Where, oy, is horizontal stress (MPa), G, is
vertical stress (MPa). k ratio can be
approximately calculated by using Mohr-
Coulomb failure envelope. k ratio defines
the slope of envelope. Therefore, it is up to
internal friction angle (¢#). k ratio can be
divided into three: stable (normal) k ratio,
active k ratio and passive k ratio. k ratio in
Equation 3 is normal k ratio. In this
situation, there is not un-stable form in
material (Uzuner, 2007)

k=1-sin¢ 3)

Passive k (k,) is the k ratio of material that is
failed because of horizontal stress.
Horizontal stress is major stress (o;) in
passive failure. Passive k ratio is given in
Equation 4 (Uzuner, 2007). Passive k ratio is
not ratio of horizontal support pressure to
vertical stress due to weight of material. It is
about horizontal load and induced vertical
stress due to horizontal load. k ratio is stress
transportation parameter of material. Active
k (k,) is the ratio of horizontal stress to
vertical stress when material is exposed to
active failure. Vertical stress is major stress
(o1) in actively failed material. Therefore,
active k is smaller than 1. Failing because of
material self weight is an example for active
failure. If material’s internal friction angle is
zero, k ratios are 1 for both failed (actively
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or passively) and stable forms. Active k ratio
is given in Equation 5 (Uzuner, 2007)

k,=(1+sing)/(1-sing)=tan’ (45+¢/2) 4)
ka=(1-sing)/(1+sing)=tan’(45-¢/2)=1/k, (5)

k ratio is 1 in hydrostatic condition. Fresh
cemented backfill material is not completely
fluid. It behaves like a fluid when an
external force is applied on it. It is non-
Newtonian fluid. Internal friction angle of
fresh cemented-backfill material is not zero,
material is not hydrostatic and horizontal
stress is not equal to vertical stress.
However, measured horizontal stresses are
similar with vertical stresses in fresh paste-
backfill material (Karaoglu et al., 2011).
Some horizontal stress calculation models
are suggested to use for backfill material.
One of them is Marston’s cohesionless
model for 2D solution which is given in
Equation 6 (Belem and Benzaazoua, 2004).

T

Marton’s modified model by Aubertin for
2D solution is given in Equation 7 (Belem
and Benzaazoua, 2004).

B 2k, H tan ¢'
= 1—exp| - e 20F 7
i 2mw{ “% B ﬂ @)

Where B is width of stope (m), H is total
height of filling material (m), p’ is sliding
friction coefficent between filling material
and sidewalls of stopes. p’ is tand. o is wall
friction angle, it can be assumed between 1/3
¢ and 2/3 ¢. Terzaghi’s 2D model is a
cohesive model that predicts horizontal
stress as it is shown in Equation 8 (Komiirlii,
2012).

_(B-29|, _ 2kHtang'
o= 2tan ¢’ {1 exp[ B ji| ®)

k=1/(1+2tan’ §) )

Another cohesive model is Rankine’s model.
There are passive and active forms of
Rankine model. Active model can predicts
the horizontal stress of backfill material and
it is given in quuatlon 10. Fresh backfill
material tends to fail actively, barricade and
stope walls are exposed to the actively

distributed horizontal backfill stress (Li and
Aubertin, 2009)

o, =k,00— 20\/E

As it is seemed in Terzaghi’s and Rankine’s
theorems, horizontal stress is decreased b
increasing cohesion. Cohesion of fres
cemented tailings is not zero. If it was zero,
there would be no need to act stress for its
flowing. It has yield strength as a result of its
cohesion. Therefore, horizontal pressure
isn’t equal to vertical pressures in backfill.
Another model is 3D Belem model. It is

iven in Equation 11 and Equation 12
% elem and Benzaazoua, 2004)

_ eXp[— 2(2,-8— Zg)ﬂ

Uh:O.lSSyH(H—ze){liexp( 2(z, - z)ﬂ (12)
B+L B

(10)

an

h

_HH =z
3(B+L)

Where, L is strike length of stope (m), B is
width of stope (m), z. is measurement point
elevation from floor of stope (m) and z is
zero at the floor of stope, z, can be minimum
0 and maximum H. H is total height of filled
material (z.< z;< H). Equation 11 is used, if
applying horizontal stress is longitudinal in
stope. Equation 12 is used to calculate
horizontal stress that is applied transversely.

Even though vertical stress is widely
considered as it is shown in Equation I,
there is an approach for paste backfill
material vertical stress distribution in stopes.
It is given in Equation 13 (Li and Aubertin,
2009).

Li and Aubertin Model:
Vm
el | 2H, ok M
o, = 2k, tano, M[ exp( tano,k,, )]
_ _ Ysa 13)
2k H )tano M !
exp( as (Z m) ano,, ) Sand k M

sat"vas

[1 - exp(— 2k, (z—H, )tan S, M )]

Where, &y is wall friction angle for
saturated fill, H,, is moist fill height, y,, is
unit volume weight of moist fill, v, is unit
volume weight of saturated fill, Hg, is
saturated fill height that is under moist fill.
Moist fill height can be negligible for well
drained PF. z is the depth from the top of
backfill. k,, is active k ratio of moist backfill
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and k,, is active k ratio of saturated backfill.
M is given in Equation 14.

M=B'+L" (14)

Ha N5t backl

Figure 3. Moist and Saturated backfill layers
for non-drained stopes (Komiirli, 2012)

Aubertin suggests multiplying active k (k,)
ratio with vertical stress for calculatin
horizontal stress of fresh backfill. Fres
backfill is consolidated by its self weight.
Consolidated material’s void ratio decreases
and internal friction angle increases.
Increasing of internal friction angle causes to
decrease k, ratio, and lower Kk, ratio
decreases horizontal stress in backfill. Also,
cohesion increases with consolidation.

If there is not water draining, total weight
is same for same floor area, even if backfill
is consolidated. Horizontal stress occurrin

due to vertical stress decreases wit
consolidation. If there is drainage,
consolidation is faster, also k, ratio

decreases faster, horizontal stress decreases
more until backfill solidifies. Weight of total
material height decreases because of water
loss, thus wvertical stress decreases.
Therefore, drainage provides lower applied
horizontal stress on barricade.

Filling rate is another important factor for
stress distribution in backfill material.
Vertical and horizontal stresses increase with
high filling rates (Li and Aubertin, 2009).
Difference between vertical and horizontal
stress increases with decreasing filling rates.
Decreasing k, by time is a reason for this
situation. Drainage and low filling rates are
advantages about preventing barricade
failure. Excess pore water pressure occurring
can be prevented by drainage. In addition to
k, decreasing by time, material becomes
solid with hydration reactions. Stable k must
be considered for solid hydrated backfill
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instead of k,, if material has enough strength
to be durable under its self weight. Direct
horizontal stress doesn’t apply on sidewalls
from solid hydrated backgﬁ. For example,
barricades complete their mission, and there
is no need to supply horizontal support
pressure after backfill has enough uniaxial
compressive strength to be durable under its
self weight (Komurlii, 2012). Stable k ratio
can be used to calculate horizontal stress in
backfill, not for reinforcing pressure to stope
walls from backfill. Reinforcing pressure
decreases with deformation of backfill.
Cemented solid backfill expands
horizontally until stress on surface vanishes
when near stope is produced. This paste
backfill becomes passive reinforcement.
Because, it can supply horizontal confining
pressure to rock backfill as a reaction for
applied stress from RF that is filled in
produced stope.

However, horizontal stress of unstable
uncemented PF directly applies on stope
wall. In this situation k, ratio can be
considered, and horizontal reinforcing stress
doesn’t change with sidewall reactions (SR)
when k, is valid. Reinforcing reaction (RR)
is independent from sidewall stiffness and
reactions. Ore or rockfill can be accepted as
support. And, support stiffness doesn’t affect
the reinforcement pressure of uncemented
PF that is higher than critical height (H,).

Temperature  increases because  of
hydration reactions. Heated backfill expands
and it would cause bigger applied stresses on
walls of stope and barricade. Temperature
effect is neglected in schematically shown
Figure 4. The reason for vertical stress
decreasing at waiting time is water draining
and dying down of inertial stresses. Inertial
stresses on stope walls increase with
increasing filling rate. Reason is absorbing
more energy due to fluid paste fill motion in
stopes.

More than one step backfilling can be
applied to prevent barricade failure. Vertical
stress and especially horizontal stress are
decreased at waiting time between filling
steps. Because, mechanical parameters
improve, k, parameter decreases as result of
continuing hydration reactions at waiting
time.
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Figure 4. Vertical and horizontal stress
changes in backfill by time (Koémiirlii, 2012)

Factors that effect PF strength can be
divided into two groups as internal and
external (Benzaazoua et al., 2004). Internal
effects deal with physical, chemical and
mineralogical specifications of component
materials of PF. Mechanical parameters of
host rock or ore, interactions between stope
wall and PF, consolidation, drainage,
vibrations due to blastings, cure conditions
like temperature or underground water can
be considered as some examples for external
effects (Ercikdi et al., 2008; Yilmaz et al.,
2006).

Oxidizing of sulphuric minerals in tailings
(like pyrite) causes occurring acid and
sulfate that react with calcium hydroxide.
Calcium hydroxide occurs as a result of
hydration. Expansive gypsum and ettringite
are formed by reactions between sulfate and
calcium hydroxide (Annor, 1999; Santhanam
et al., 2001; Yilmaz et al., 2003). Expansions
of gypsum and ettringite cause to crack in PF
material. Therefore, strength of PF is
decreased by this effect (Ercikdi et al.,
2008). This is an important internal effect on
PF strength that becomes more dangerous
for long curing times. A definite time for
strength decreasing start of PF in stopes
can’t be reported according to laboratory
specimens, because laboratory specimens
and PF in stopes cure in different conditions.

For well referring in situ characteristics of
PF, laboratory conditions aren’t enough to
consider  some effects, accurately.
Consolidation is another important effect
that has to be considered when PF strength is
estimated with laboratory specimens. For
example, some misleading results can be
obtained for comparing in situ strengths of
PF of different tailings with lab specimens.
In this study, reasons of misleading effects

of neglecting in situ consolidation
differences between different specimens are
aimed to explain. Mineral processing plant
tailings of Cayeli Copper Mine are used in
experimental works.

Another question investigated in this
study is how strength uncemented PF can
reach due to consolidation under its self
weight in stopes. Consolidation tests were
applied on uncemented PF specimens for
estimating in situ consolidation. Shear box
tests are applied on different types of drained
and consolidated uncemented Cayeli copper
mine tailings.

2 EXPERIMENTAL STUDY
DISCUSSIONS BY SEQUENCES

Two types of Cayeli copper mine tailings
and their deslimed forms are investigated in
exli)erimental study. Spec tailings, Bornite
tailings and their deslimed (classified) forms
were tested. Important percentage of finer
particles than 20 pm is deslimed for
classified tailings preparation. For example,
44% of as-receive(f Bornite tailings and 41%
of as-received Spec tailings are finer than 20
um, respectively. After desliming, 6% of C-
Bornite and 12% of C-Spec tailings are finer
than 20 pum, respectively.

Coefficient of curvature (C.) and
coefficient of uniformity (C,) are important
parameters to understand well-grading or
poor-grading of granular materials. Well

raded materials have higher strength
Komiirlii, 2012). If uncemented PF is aimed
to fill in stopes, well graded material can
supply higher strength. Uniformity and
curvature coefficients can be calculated with
Equation 15 and Equation 16 (Aytekin,
2000)

AND

Dy

c, =72 (15)
10
2
C. =22 (16)

More than 70% of both Bornite and Spec
tailings (unclassified) have silt particle size
material (2 - 63 um). Approximately 10% of
tailings have clay particle size (< 2 um).
Therefore, as-received (unclassified) tailings
can be considered as sandy silt material.
75% of C-Spec (deslimed) is silt particle size
material, 3% of C-spec is clay particle size.
65% of C-Bornite has silt particle size, and
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2% of C-Bornite has clay particle size.
Therefore, both of deslimed tailings are
sandy silts, like as-received forms. Feret
triangle can be used to classify granular
material according to particle size
distribution (Aytekin, 2000).

30

80 Clax—/Sand

Clay-Silt

M 20
90 \/\/\ /\
Silty Sand: Sandy Silt 10
100 /'Sand \/\/\
0

0 10 20 30 40 50 60 70 80 90 100
Silt Sizes (%)

LOWER MISSISSIPPI VALLEY DIVISION,
U. S. ENGINEER DEPT.

Figure 5. Feret Triangle

Do, D3g and Dgy are 10%, 30% and 60%
passing particle sizes, respectively. C.
between 1-3 and higher C, than 6 indicate
well-grading material. However, if material
is gravel higher C, than 4 indicates well-
grading (Aytekin, 2000).

Table 1. Uniformity and Curvature Coefficients
Type of DIO D3() D50 Cu Cc

Tailings
Bornite 2 7 26 | 13.0  0.94
Spec 2 8 26 | 13.0 1.23

C-Bornite | 14 30 53 3.8 1.21
C-Spec 9 21 42 4.7 1.17

Deslimed tailings have preferable curvature
coefficients, but they have non-desired
uniformity  coefficient.  Particle  size
distribution is done with microsizer. Figure 6
shows particle size distributions of Cayeli
copper mine tailings (Ercikdi et al., 2012).
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Figure 6. Particle size distribution of Bornite
(BN) and Spec (SP) tailings
(Ercikdi et al., 2012)

Surface area increases with decreasing
particle size. And, permeability is low for
fine particles. Consolidation completion time
is longer for low permeable soils. Therefore,
consolidation ratio (u) increases faster for
highly permeable soils. Consolidation ratio
depends on 7, unitless time factor, as it is
shown in Equation 18 and Equation 19
(Komiirlii and Toptas, 2012).

AH
AH, 1n
u= " for T,<0.2 (18)
V4
u=1 —ize'””“ , for 7,0,2
a (19)

AH is the settlement (mm) of material at the
investigated time. AH at infinite time is

AH.. (settlement at infinite time). 7, depends
on consolidation coefficient (C,), as it is
shown in Equation 20 (Sarsby, 2000)

; _Ci

v H2 (20)
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C = K 21

MY i
Where, ¢ is time, H is height of soil. If soil
can be drained from up and down level
boundaries, H is considered as H/2 in
Equation 20. K is permeability (m/sec), %
is unit volume weight water (kN/m?), m, is
the coefficient of volume compressibility
(kPa™). It is given in Equation 22 (Ghosh,
2010).

= AV, IV )
v AO" ( )
Backfills in stopes consolidate in one

dimension. Only, height of backfill changes
due to consolidation. In this situation,
volumetric change ratio is same with change
ratio in height, and m, becomes as follow:

" - AH,/H ’3
v AO_I ( )
Ac' is effective stress; settlement of

completed consolidation (AH.) can be
calculated with Equation 24 (Komiirlii and
Toptas, 2012):

0,

AHw = 1 " C log— = C, log

+e, o, +e, o,

24

o, +Ac

e, 1s initial void ratio, oy is initial stress, and
o, is final stress, C, is compressibility index.
Compressibility index can be divided into
two groups. It can be primary
compressibility index (C.) or secondary
compressibility index (C,). C; is signed as C,
in this paper, because coefficient of
curvature is also signed as C.. To prevent
confusion, primary compressibility index is
signed as C,. C, can be used instead of C, in
Equation 24. It is up to consolidation stress.

Details will be given with experimental data,
in further parts.

As it is seemed in Equation 21,
consolidation coefficient increases with
increasing permeability. 7, increases with
increasing C,. And, consolidation ratio (u)
increases with increasing T,. Therefore, it
can be said that consolidation time is low for
high permeable soils.

Permeability of soils can be measured

with constant head or falling head
permeability tests. Constant head
permeability test is applied for high

permeable gravels and sands. And, falling
down permeability test can be applied for
silts and clays (low permeable soils). 107
m/sec can be accepted as limit for changing
permeability test method. If permeability of
soil is higher than 10~ m/sec constant head
permeability test must be used, otherwise
falling head method is suggested (Tiwari,
2008).

As it was mentioned before, mineral
processing plant tailings of Cayeli copper
mine is sandy silt particle size material.
Therefore, falling head permeability test was
applied. Permeability of material can be
calculated with Equation 25 (Uzuner, 2007)

a.l 1 H,

TAAT H

(25)

1

where, 4 is cross-section area of specimen
(m), L is length of specimen (m), a is cross-
section area of burette (m). AT is time
difference between two measurement points.
H, is initial height of water in burette (m),
and H, is final height of water in burette (m).
Diameter of specimen is 0.1 m, length of
specimen 0.14 m, internal diameter of
burette is 0.012 m.
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Table 2. Permeability test data

Type of H, H; AT K
Tailings (m) (m) (sec) (m/sn)
Bornite 122 | 092 960 | 5.9x107
Spec 120 | 084 960 | 7.5x107
C-Bornirte | 1.28 | 0.61 150 | 9.2x10°
C-Spec 129 | 0.78 150 | 6.8x10°

Figure 6 shows the falling head permeability
test for tailings.

As it seemed in results, desliming
increases the permeability. And, u increases
with desliming. For example, permeability of
Bornite tailings increases for 15.6 times after
desliming. Permeability differences between
tailings types change after desliming. Even
though as-received (unclassified) spec
tailings has 1.3 times higher permeability
than as-received bornite tailings
permeability, 7, of C-Bornite (classified) is
nearly 1.5 times of 7, of C-Spec. This is an
important difference. Not only particle size
distribution affects the permeability. Also,
mineralogy of tailings has an important role
on permeability. Desliming changes the
mineral percentages in tailings (Ercikdi et
al., 2012).
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Figure 6. Falling head permeability test

Material height is an important factor for
consolidation time. As it is seemed in
Equation 20, height of material affects the
time factor and consolidation ratio.
Consolidation completion time increases
with increasing height. Hydration and
solidification stop to consolidate.
Consolidation time (¢) of 15 meters height
PF in stope is 22500 times of 10 cm height
laboratory specimen PF. Consolidation ratio
is same for same 7,. Therefore, time
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difference between different heights of same
material can be calculated for same
consolidation ratio (u) as follow (Sarsby,
2000):

ci Cu,
L="rm=p~
1

s

(26)

H; and H, are height of PF in stope and
laboratory specimen PF height, respectively.
t, and ¢; are in situ consolidation time and
consolidation time for lab specimen.

When u is 0.9, 90% of consolidation is
completed and T, is equal to 0.848 for this
situation. Consolidation coefficient must be
known to calculate consolidation time. For
calculating C,, coefficient of volume
compressibility (m,) must be known.

Odometer test was applied on C-Bornite
and C-Spec specimens. Initial void ratio of
wet C-Bornite is 0.96 and it is 1.01 for wet
C-Spec. Specimens are in liquefacted form.
Load time should be higher than 90%
consolidation time. Therefore, more than
90% of consolidation of specimen has to be
completed under constant load. Loading time
for consolidation is selected according to
90% of consolidation completion time
(Komiirlii and Toptas, 2012). Generally, 24
hours is enough time for clays. Even though
less time is enough for tested material, load
time was 24 hours for sandy silt type
tailings. Normally, 7 or 8 hours are suitable
load time for general of silts that have 2 cm
thickness in mold. Consolidation test is
applied in shear box, specimen thicknesses
are 2 cm. Circular cutter sampler thickness
of shear box is 2 cm. Most of soil test
specimen has 2 c¢cm thickness in this method.
However, wet tailings are not sampled with
circular cutter. Specimens were poured in
mold. 7, and u relation is given in Figure 7.
If linear part of graph is stretch out to x-axis,
it intersects the axis at approximate value of
original 0.9 u. T, is infinite for 1.0 u value.
Therefore, a time is considered for final

settlement.  90%  settlement time is
considered to calculate AH. as a result of
linearization. As a matter of fact, settlement
speed decreases with continuing time under
constant load. Consolidation is higher for
early times of loading (Uzuner, 2007). This
situation is schematically shown in Figure 8.

Dimensionless Time T,
103 102 107 1 10
0.00 [

I
0.25 .L-\\w\

- \
\

0.75 \

1.00 M‘—

Relation of degree of
settlement and time

Figure 7. T, and u relation (Cengiz, 2009)

ivive

Senligwenl
Figure 8. Time, settlement and stress relation

Desliming causes to increase the percentage
of coarser particles, so permeability
increases. As it is seemed in Figure 9 and
Figure 10, consolidation 1is faster for
deslimed tailings. Because, consolidation
coefficient and T, are higher for deslimed
tailings. Same tailings in photos have same
consolidation time.
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Figure 9. Consolidations of classified and as-
received Spec tailings under their
self weights in molds (Ercikdi et al.,
2013)
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Figure 10. Consolidations of classified and
as-received bornite tailings under
their self weights in molds (Ercikdi
et al., 2013)

Consolidation test data for C-Spec tailings
specimen is given in Table 3. Specimen
water content is enough to pump it to
underground. 7 - 8 inches slump is typical
slump level for applicable rheology.
Water/(cement+tailings) ratio is 0.21 - 0.25
by weight for applicable rheology of
cemented form of investigated C-Spec
tailings when 5% - 7% of solid is cement
(Ercikdi et al., 2013). In experimental study
of this paper, cement wasn’t used.
Water/Tailings ratio is 0.23. Specific gravity
of C-Spec is 4.16. Therefore, void ratio of
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wet saturated tailings is calculated as 0.96.
Specimen thickness in consolidation test is 2
cm. Figure 12 shows consolidation test.
Specimens are consolidated in water filled
shear box test mechanism. Specimens are
drained. Porous plates are used under and on
specimens.

Table 3. Consolidation test data for C-Spec

c(kPa) logo e Ae AH (cm)
0 0 0.96 0 0
32.6 1.51 0.72 0.24 0.247
97.8 1.99 0.53 0.19 0.199
163.1 2.21 0.35 0.18 0.179
228.3 2.36 0.19 0.16 0.163
; rac— :
g . —
é T B
N
& ST
: "
L
¥
log o
Figure 11. Void ratio changes with

consolidation stress for C-Spec

Figure 12. Consolidation test
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C,is 0.16 and G, is calculated as 1.07 for C-
Spec tailings. C. and C, are slopes of
representative lines. Unit volume weight of
PF material must be known for calculating
AH... Unit volume weight of tested saturated
material can be calculated with Equation 27
(Cengiz, 2009).

7.(G, +e)
Vo =0 27)
Yw 1S unit volume weight of water, G, is
specific gravity. Unit volume weight of
material is calculated as 25.7 kN/m’. Let’s
investigate settlements in PF application that
is done with two step filling. One step
backfilling has risks about barricade
failuring for investigated mine stopes. If
total height is 14.5 meters and 7.5 meters
height is filled in first step. 7 meters height
material is filled in second step. AH.. for first
step fill that is caused by weight of second
step fill is calculated as 1.87 meters when
consolidations due to self weight of first step
fill before second step is neglected.

Mid depths of first filled material is
considered for ¢,. o, is sum of o, and stress
due to second step filled material. m, is
calculated as 1.39 Pa' (Ac=179.9 kPa).
Permeability of C-Spec was measured as
6.8x10°, and C, is calculated as 0.5x10”
m%/sec. According to this data, 90% of
consolidation (u=0.9) theoretically continues
for more than 7 years. In situ consolidation
is stopped by hydration reactions. And, few
consolidation ratios can be actualizes in
stopes. The most important reason is height
of PF in stopes. If PF is drained from the
floor H can be considered as H/2. Thus,
consolidation time can be theoretically
decreased for 4 times, as it is understood
from Equation 20. Even though drainage
decreases the consolidation time, in situ
consolidations continue for years. Calculated
consolidation is for drained stope, therefore

H is considered as 3.75 meters (half height
of first step fill).

However, lab casted specimens can have
much more consolidation ratio until
hydration, as a result of its low height.
Especially, drained specimens consolidate
fastly. C-Spec tailings in Figure 9 settled
more than 3 c¢m in several hours. Its initial
height was 20 cm. These types of AH/H
ratios actualize in much longer time in
stopes.

Especially, drained lab specimens can
complete very important percentage of their
consolidations until material solidifying.
Sometimes specimens can practically
complete their consolidations. Compared
material designs can complete most part of
their consolidations in lab molds and they
can have similar u, but their in situ
consolidation ratios (z) can be significantly
different. Higher lab strength material design
can be lower in situ strength one, as a result
of less in situ consolidation.

-
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=

Figure 13. Shear box test equipment

Consolidated specimens were sheared in
shear box. And, strengths of uncemented PF
were investigated. Consolidation test
specimens are drained, shear strength test
was applied as consolidated and drained
(CD). Even though some small peaks were
observed, shear strength magnitudes can be
accepted as residually. Because, it is crushed
and grinded material.
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Table 4. Shear strength test (CD) data

o (kPa) 7 (kPa)
32.6 54.4
97.8 105.1
163.1 126.3
228.3 149.5
140 /
120 l/r
100 //_
=
n‘ill
E'S'J W
a
L] s 13— rkpaj 15 200 250

Figure 14. Failure envelope of uncemented PF

Cohesion (c¢) is considered as 53 kPa and
internal friction angle (¢) is measured as 24°.
If stress due to weight of material exceeds
the strength of material, failure is actualized.
According to  Mohr-Coulomb  failure
envelope, critical height of material can be

calculated  with  following  equation
(Komiirlii and Toptas, 2012)

2c.k
H. = 3k (28)

I

Critical height (H.) is calculated as 6.3
meters. According to this result, investigated
material is not durable under its own weight,
if it is higher than 6.3 meters.

3 CONCLUSIONS

Near of UPF filled stope can’t be excavated,
if material has bigger height than critical
height. In addition to stability under load of
weight, UPF can’t be applied because of
blasting. If PF is not cemented, loosening
can be easily actualized due to blasting.
Therefore, UPF is not usable material for
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general backfill applications. However, it
can be applied for some special situations. If
near or down of stope won’t be excavated,
UPF can be applied. Even if material is
failed due to its own weight, it can supply
higher horizontal confining stress to rock fill
support. Because, horizontal stress from
failed UPF material actively apply on stope
sidewalls.  Reinforcing stress doesn’t
decrease with sidewall deformation as it is
shown in Figure 15.

3R

"4

Figure 15. Active reinforcing reaction and
support sidewall reaction

Solid cemented PF tends to expand
horizontally as result of Poisson effect. If
near wall is produced, PF expands until net
stress becomes zero on open PF surface.
Let’s imagine removing sidewalls near solid
cemented PF, and putting hands on solid PF
surface after expansion end. Value of stress
that acts on hand is acted stress on PF by
hand, if PF is not failed. In this situation,
major confining effect of PF is actualized
when rock fill or ore support expand towards
PF (For example, rock fill and ore tend to
deform horizontally when they are exposed
more load due to stope production).
Therefore, it can be assumed that solid stable
paste backfill passively reinforces support
(rock fill and/or ore) as reaction of support
loading. However, UPF horizontal stress at
deeper points than H, directly acts on
sidewalls. Actively applied horizontal stress
can be theoretically considered as k, times of
vertical stress.
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Asymmetrical confining pressure due to
different reinforcing reactions for sidewalls
affect is negligible because of width/height
ratio of backfills.

As conclusion words of consolidation
effects on PF strength, it can be said that
result of lab specimens are not accurate to

compare in situ strengths of different
designs.
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ABSTRACT In this research, after analyses of the field geotechnical data, hydrogeological
conditions have briefly been studied and inspected. Fourteen boreholes were drilled in the
dam axe area and they are considered as the major sources of data. As the results show, dam
site chiefly consists of permeable quaternary alluvium. It seems likely that rock zones
participate somewhat lower than soil parts in the effective seepage flows particularly at the
centre of valley. Lithological structures and discontinuities such as joint sets and faults would
cause to intensify seepage especially through both abutments. There is evidence of a steady
groundwater regime. Groundwater flow is closely related to surface flow. It is highly
probable that right abutment has spoiled by karstification. Left abutment is not expected to
reach a sufficient groundwater level to preclude reverse flow at the reservoir toward left
bank. Based on soil percolation and Lugeon test results and drilling cores logs, permeability
of soil and rock sections was estimated and sketched by use of ordinary kriging method.
Strata positions were also interpolated. The spatial distribution of permeability has been
compared to strata conditions. The results have indicated that high permeable layers of sand
and gravel are extended in the most part of dam foundation. At first, grouting works were set
by designers in charge for sealing of all foundation regions. But according to considerable
clay strata at the upper parts, very permeable sand and gravel layers at the middle and lower
parts and weathered and fractured rock zones at the soil-rock contact area, cut-off wall and
grouting have been respectively proposed for sealing of upper and lower parts of the
foundation.

1 INTRODUCTION data are obligatory for designers whilst the

The study of Permeability and other
hydrogeologic features are most
considerable parts of dam site investigations
at the foundation and abutments. This
reconnaissance tends to a suitable
verification of hydrogeologic conditions
respecting seepage and water escaping from
reservoir. Poor hydrogeologic conditions
cause momentous difficulties.
Notwithstanding fair geomechanical
conditions, these problems may finally result
in relocation of dam axe (Iran Water and
Power Resources Development Co., 1375).
So this considerations and analyses of field

initial stages of the project are just
commenced (Ewert, 1985; Kutzner, 1996;
Shroff and Shah, 1999).

Generally, for this type  of
investigations, = some  technical  and
hydrological data such as height of reservoir
water and river annual flow rate are
reviewed. The stratigraphical and
lithological situation of formations and the
geotechnical data such as soil type
classification and soil layer conditions are
also determined. These data and engineering
geological information such as joint study,
Lugeon values, soil permeability values and
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groundwater table values are assembled
together. Then, data collection analyses are
conducted to expose the hydrogeologic
weakness zones. Data are usually obtained
through drilling and superficial survey. The
exploration area is emphasized to be sited
around dam axe in the way that the
exploration points must be particularly
concentrate in the dam axes. This type of
study are utilized widely around the world
and ,for example, typically could be find in
the research of Robinson and Robinson
(1992), Al-Homoud et al (1995), Hutchinson
(2001), Kiersch (2001), Turkmen et al
(2002), Ghobadi et al (2005) and Hietfield
and Krapp (2007).

In this research, the information was
derived from superficial engineering
geological survey and 14 exploration
boreholes drilled in the Chaparabad dam
site. Dam site was evaluated in order to
discover the hydrogeological conditions and
probable weakness points. Boreholes data
are contained within a descriptive log of
cores, permeability test results and water
table positions. Superficial data includes
geological map, inferred sections and joint
sets condition in rock formations at site. The
analyses and evaluations consist of bedrock
topography map and bedding situation, joint
sets orientation, alluvial deposits conditions,
regional hydrogeologic regime and spatial
distribution of permeability. In spite of
grouting program proposed initially for full
section of foundation, these results led into
excavation of alluvium parts to set a cut-off
wall without any grouting work in this area,
but a grouting program is urged to seal rock
zones.

2 CHAPARABAD DAM SITE AND
PRELIMINARY INVESTIGATIONS

The Chaparabad earth dam is under
construction on the Kanirash River and is
intended for both gravity and under-pressure
irrigation of 3600 hectares of Oshnavieh and
Naghadeh farm lands. First study of this
project started at 1994. Dam site is located in
the South of West Azarbayejan province,
Iran, 12 km of south of Oshnavieh cit
(Figure 1). Designed dam will be an eartﬁ
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dam with clay core and the height of 46 m
from foundation.
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Figure 1. Dam site position in the regional
geologic maps (after Hezarkhani 2006 and
Pollastro et al. 1996).

The study area is located in Lesser
Caucasus geologic province (Pollastro et al.,
1996) and Sanandaj-Sirjan geologic zone in
the Iran geologic map (Figure 1). In this area
the broad trend of geological units are
extended in NW-SE direction. Rock zones
contain  Precambrian and  Cambrian
sediments, including shale, slates, limestone,
schist, and some weathered dolomite.
Because of water penetration and freezing in
shallow rocks, there are intensive
developments of fractured and weathered
zones. The geological map of the site area
and geologic section of spillway is
demonstrated in Figure 2. In this Figure, 14
boreholes positions that were the main
source of data are also shown. The
foundation area could actually be separated
into two discrete but connected parts of
alluvial and rock layers. Materials chiefly
consist of alluvial and rock respectively in
the central part of valley and both abutments.
Figure 1 shows roughly the location of dam
site in regional geologic map. Dam site is
located in a mountainous area. Reservoir
storage is provided by Kanirash River
directly and Godar River by use of a small
diversion dam. The Godar river basin area
up to diversion dam and the Kanirash river
basin area up to main dam are respectively
220 and 141 Km2. The annual flow volume
brought by Kanirash and Godar river basin
are respectively 289 Mm3 and 34 Mm3. The
50-year-average of annual precipitations of
both basins is 500 mm.
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Groundwater is briefly seeps through
the carbonate fractured rocks and quaternary
alluviums. There are evidences of two
separate hydrogeologlc media of rock and
alluvium, are  supplied by
precipitations and run-offs. Alluviums can
be categorized into three groups as follows;

1. Impervious deposits, containing clay

layers,

2. Quasi-permeable deposits, a
combination of clay and sand, including
debris of sedimentary and igneous
formations, and

3. Permeable deposits, classified into

recent alluvium deposits, coarse grain terrace
and unconsolidated talus and debris.

Right abutment largely contains deposits
considered as GP, GM, GC and GW. Indeed,
these materials belong in brief range of GC-
GW. Fewer parts of superficial alluvial
materials are reckoned to be SC or SM. Fine
grain soils of CL type are existed in the left
abutment. Highest portion of central parts
consist of sand especially SC and SM.
Slender clay lenses are observed through the

dam site.

Geomechanical properties of the
bedrock improve toward depth, but
mechanical strength of the rocks underneath
the foundation is poor to very poor in
general. Furthermore, the RQD values in this

area are very low to mediocre.
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Figure 2. (a) Local geologic map and (b)
geological section of dam axis. Coordination
lines are set to UTM coordination system
and elevation are set according to m in msal.

3 EVALUATIONS AND ANALYSES OF
DATA

All presented data are synopsis of surface
and drilling records. Selection and
classification of these data have been carried
out in a way that the hydrogeologic features
of the dam site is regarded and analyzed.
Nevertheless, lack of data causes to increase
uncertainty which could be diminished by
the concentration of drilling network inside
dam axe in further coming studies.

3.1 Strata Conditions

Figure 2 shows the inadequate conditions
of layers with respect to seepage. Because of
formations trend particularly in NW-SE
direction as well as the valley situation
extending in N-W direction, seepage through
strata could be probably intensified. There
are some washable sections such as gypsum
and clay in the slate and schist layers, and
then these layers are more likely to be
washed out by piping and would increase
seepage. These formations are more
susceptible, and sealing works must be
firmly done in their sections. Limestone

layers have low potential of piping but they
are probable to have karsts and cavities, and
grouting strategy must be planned and
equipped to fill and seal these probable great
permeable zones.
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Crashed and faulted zones in the right
abutment point out significance of strictly
grouting works. Saline and sulfate materials
1n run-offs oblige to strengthen the grout that
will be consumed in cut-off curtain and cut-
off wall.

3.2 Hydrogeology

Fluctuations of water table in the
boreholes through time are plotted as a
hydrograph diagram in Figure 3. Apart from
borehole CH10 that displayed unexpectedly
falling of water table, fluctuation of water
table in the other Boreholes is negligible.
Tentatively, therefore, it may be concluded
that a steady regime is more likely to prevail
among the regional groundwater flows.

Figure 3. Groundwater Level Fluctuations
observed in exploration boreholes since
November 2007 till July 2008.

Groundwater head maps and section are
sketched in Figure 4 based on the average of
the boreholes water table level. It could be
assumed that groundwater streamlines
converge into nearby borehole CH9 (Figure
4.a). The convergence may be on account of
a very permeable zone close to borehole
CHY9. This area of the right abutment
involves particularly faulted and Kkarstic
zones amid limestone layers. Flows are
expected to be conducted toward these
highly permeable discontinuities. After
eliminating the borehole CH9 data,
headlines reshape to a typical one usually
observed in dam sites (Figure 4.b). The
groundwater gradient is generally coincided
with river, and that could be interpreted as a
close interaction between groundwater and
river. Considering Darcy’s equation with
respect to Figure 4.c, left side is probable to
have a negative impact on reservoir storage.
Groundwater table is not seemingly inclined
toward the reservoir in the left bank. The
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anticipated reservoir head will overcome the
natural groundwater table. So, the reservoir
would be evacuated by inverse flow into left
abutment. Moreover, in a wide range of left
abutment, the groundwater is not reached to
a sufficient level. This problem must be
regarded seriously since it is actually
unfeasible to extend the cut-off farther than
intersection point of reservoir level
extension toward left side and groundwater
table. Consequently, some underground parts
of left abutment, which resemble as a highly
permeable  window,  would  remain
unplugged.

3.3 Engineering Geology and Geotechnics

As mentioned above, dam foundation
could be classified to two separate parts of
soil and rock. So, sealing works must be
considered for both soil and rock
specifications.

In shallow zones the soil grain size
distribution is erratic so that abrupt changes
from a very permeable zone to an
impervious clay zone or vice versa in
alluvium strata may frequently be observed.
The sealing method also must be altered
when these variations are monitored. If
grouting is opted as the sealing method, poor
groutability conditions of clay layers raise
the probability of washing-out, and finally
may tend to cause permeable windows. As a
result, construction of a curtain wall in
preference to cut-off curtain is recommended
1n the shallow alluvial zones.

Grouting method could be preferably
selected for remediation of bedrock against
seepage flow. Because bedrock is extremely
jointed and fractured especially in the upper
parts, grouting in these parts are uniform and
effortless. But regarding the high
deformability and poor geomechanical
conditions, grouting pressure should be kept
under a low level and performed prudently.

3.3.1 Bedrock Conditions

Bedrock depth in the boreholes was
recorded. Figure 5 shows bedrock elevation
contours map. The valley morphology is
nearly coincided with bedrock. A relatively
deep valley in bedrock, especially in central
part, could have an effect on growth of
seepage and piping. This problem needs a
denser network of drilling hole to investigate
and explain the real circumstances as well as
denser grouting holes.
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3.3.2 Discontinuities situations

Dam axe is in E-W direction and hydraulic

gradient is generally in south-to-north or

upstream-to-downstream direction.

& N & /"'TT‘-\‘ HON \ IS é NI

| L ,f:\’;\‘]\; ! g1

bt At e ph e d \ f\, ! | J”
I fin i '\_l',—\ &

B I % lon .\__.,. \\E ,? :

S a1 (XU I SRR AN viﬂv}.‘ﬁ' . . .

D s LIS Figure 5. Foundation bedrock elevation
o contour map (coordination in UTM system

e and elevation in msal).

L T ‘1 X | The soil classification was originally

‘ \!m . . founded on Unified Classification (Das

™= 2002), and then categorized in wide-ranging
groups to simplify for sketching and
comparing with permeability of sections.
Percentage of fine grain (passing #200
sieves) is the main factor that discriminated
the groups. It is known that fine grain
contents of soil sample are contrarily related
with permeability. Because of the important
role of fine grain contents in the alluvial
sediment permeability, percentage of passing
#200 sieve, F200, have been considered as
the main characteristic that differentiated the
groups. At first, core contents classified in
accordance with UC, and after that the
results merged and reclassified according to
F200 contents. The classification utilized
here is presented in Table 1.

Geological section of foundation at dam
axe is shown in Figure 6.a. This section is
inferred and planned according to the above
noted classification and rock type observed
in drilling cores as well as some superficial

Two identified minor fault have yielded SUTVeys: Strata were interpolated and
wide crashed zones that may possibly cause extrapolated between boreholes by Spline
to water escape from reservoir toward method. o .

downstream. Accurate location of these Permeability data were achieved by
hazardous zones should be determined Lugeon (water pressure) test and soil
where grout curtain plane intersects with  percolation test respectively in rock and soil
them. Grouting 1 these zones wou e stages. However all permeability data were
h Grouting in th Id b ges. H 1l p bility d

Figure 4. Groundwater hydrostatic contour
maps (a) considering CH9 borehole, (b) after
eliminating of CH9 borehole and (c)
groundwater level section at the dam
foundation. Coordination lines are set to
UTM coordination system and elevation are
set according to m in msal.

According to Figure 2, joint sets la, 3c and
4b in abutments are plunged down into
downstream and joint sets 1b, 2a, 2b and 4b
are perpendicular to the dam axe. As to dip
and orientation, these entire joint sets have
high potential of water escape from dam
reservoir toward downstream. In comparison
with other joint sets, grouting holes should
preferably be oriented in directions that
make an angle of 60 to 90 degree with the
planes of these problematic joint sets to
achieve sufficient penetration of grout.

executed more firmly. expressed in cm/sec to be shown in a section

coincided by aforementioned geological
4 PERMEABILITY AND section (Figure 6). Permeability values were
STRATIGRAPHY OF DAM attributed to middle point of tested sections.

Ordinary Kriging method (Journel 1990 and
FOUNDATION Deustch 1992) were applied to find spatial
A simple classification of geological and  variation of permeability.

permeability data obtained by boring, are Regarding the information revealed in
done to enhance the assessment truthfulness.  Fig. 6 and pervious results, some important

features are described as follows;
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1. Despite of clay layers in the left abutment,
alluviums in the other parts of foundation are
high clayey sand and low clayey gravel.

2. Both S3 and G1 groups show a high
permeability. Because of hard penetration of
grout in these layers, grouting procedure will
be hindered to stop seepage flow through
foundation. Construction of a cut-off wall
may be more suitable than grouting, at least
in shallow parts of the foundation.

Table 1. Reclassification of main
geotechnical groups of soil based on Fy
(percentage of passing 200" Sieve).

Utilized Comparable Standard Specificati

Classification  Classification pectiication

Gl GP, GW Fapo <5

@ GW-GM, GW-GC, GP- 5 <F, <
GM, GP-GC 12

G3 GM, GC, GM-GC Faoo <12

S1 SW, SP Fapo <5

s2 SM, SC, SM-SC f N Faoo <

ML Silt -

CM CL-ML -

3. There is a high permeable zone in the
contact of rock and soil layers. Also bedrock
around this contact zone contains high
permeable zones but reaches to impervious
layer in depth. Grouting of this section may
be the best way to prevent seepage flow. A
grout curtain that sewed to deep and low
permeable zone of bedrock, which have
permeability less than 10-4 cm/sec (Figure
6) is a realistic way for sealing bed rock
formations.

4. Permeable zones in the left bank around
borehole CH3 is the main reason for low
groundwater level and lack of adequate
hydraulic gradient (Figure 4). This problem
is discussed in the next section.

5 CONCLUSION

Considering aforementioned conditions and
analysis, main results of this appraisal could
be stated as follow;

1. Site area briefly is in poor hydrogeologic
conditions and needs firm considerations for
improvements.

2. Groundwater level is drastically low in the
left abutment and does not be intersected by
the line of reservoir water level. This area

contains several high permeable zones that
may be a good reason for low groundwater
level and low hydraulic gradient. These
problems must be noticed strongly, because
as the reservoir fills up, flow may overturn
to abutment and the reservoir may be
discharged. Seepage is supposed to be
analyzed and modeled in this area. A
hanging curtain must be set in this abutment.
It would be elongated so that the secepage
through the left abutment reaches to a zone
of acceptable limit.

3. In the right abutment there are
overwhelming evidences of karstification.
Since the karstic cavities can discharge
reservoir in this area. A dense exploration
drilling network as well as test grouting is
recommended for disclosing these zone and
remediation.

4. In the central part of valley, alluvium
zones are extended deeply. Therefore soil
grouting is needed in deeper parts of
alluvium in addition to cut-off walls in
shallow sections.

5. Deep alluvial in contact with rock
demonstrates a piping and seepage
hazardous zone. A concentrated grouting
work may carry out in those sections.
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ABSTRACT Physical-mechanical properties of rocks are of great importance in the field of
rock mechanics when estimating failure process in rock mass. Investigating them we can
determine limit resistance of the rocks to various loads, their deformation behavior,
conditions of elastic vibration transmission and etc. In turn, this information helps to
determine if the rocks are prone to rockbursts and other kinds of rock pressure dynamic
occurrence.

The article represents analyses and comparison of the test results obtained in determining
the shear strength of the apatite-nepheline ore and urtite specimens of the Khibiny massif.

Tested specimens had parallelepiped and cylinder forms. These specimens were cut under
various vertical loads with additional rupture energy (by installing the springs on the shear

test device).

1 INTRODUCTION

The Khibiny massif includes varieties of
rocks, such as apatite-nepheline ores, urtites,
rischorrites, lyavochorrites, khibinites, and
etc., and most of them are hard rocks. Large
scale mining in the Khibiny deposits as well
as high stress due to tectonic forces
influence result in rock mass movement and
cause different fractures. As is known, hard
rocks are subjected to brittle fracture, which
can cause a rockburst or induced earthquake.
That’s why it is very important to determine
the value of strength limit for the Khibiny
massif rocks under various loading
conditions. Determination of other physical-
mechanical properties is also of great
importance.

The paper considers shear fracture in rock
mass which usually occurs due to induced
rockbursts and earthquakes when developing
the Khibiny deposits. This process was
modeled by shearing specimens on the shear
test device. Shear strength, cohesion and

coefficient of internal friction were the main
investigated properties. Cohesion
characterized shear strength of the rocks
without outer loads. Coefficient of internal
friction showed connection between changes
of horizontal and vertical load values
(Turchaninov et al., 1977). These parameters
were needed to do accurate engineering
calculations to determine the limit loads for
rocks, stability of rock mass and pressure on
the supports.

Apatite-nepheline ores and urtites have
the greatest importance for our study, the
first being the main object of mining in the
Khibiny massif, and the latter being the host
rocks. That’s why these rocks specimens
were used for testing. The specimens had
parallelepiped and cylindrical shape. The
total number of experiments accounted for
25 tests with different kinds of loadings.
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2 TEST AND RESULT PROCESSING
METODS

2.1 Shear test device

To determine the values of physical
mechanical properties of apatite-nepheline

ores and urtites we conducted experiments
on the shear test device (Fig. 1) in the
laboratory of the National Mineral
Resources University.

Figure 1. Shear test device

The shear device consists of horizontal
and vertical loading systems. The vertical
loading system includes a hydraulic cylinder
with a dynamometer attached to the end of
its rod and a hydraulic compression unit
mounted on the rigid frame. A compression
force meter controls the vertical load values
which are continuously transmitted from a
strain gauge to the measuring unit.

The horizontal loading system doesn’t
essentially differ from the vertical one. The
hydraulic shear unit is mounted on the rigid
frame. A shear force meter controls the
horizontal load values transmitted from the
strain gauge to the measuring unit.

The additional equipment for the shear
test device includes specimen grips with
different cross-section. The upper grip is
placed in a centralizer. The centralizer
provides compression force transfer to the
specimens, connects a specimen with the
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rigid frame; makes its axis perpendicular to
the line of the horizontal load. The bottom
part of the specimen is also placed in the
grip fixed in the carriage. The movement of
the carriage under the horizontal load is
carried by a sliding unit and controlled by a
displacement measurement unit. The values
of displacement are continuously transmitted
to the measuring unit.

The shear test device considered above
allows conducting experiments on shearing
specimens with varying vertical load values.
Testing specimens without the vertical load
helps to determine the values of cohesion.
Applying the vertical load we can dispose of
tensile stresses which dramatically reduce
the shear strength (Citovich, 1983).
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2.2 Software ACTest

Physical-mechanical properties of the
specimens measured by the shear test device
were determined on a basis of the processing
data obtained as a result of loading process
monitoring in the real time mode.

ACTest automatically reads values from
the measuring units of the shear test device.
This software is designed to automate the
work on research, testing, technological and
control-diagnostic devices. It operates on a
PC-comparable computer fitted with a means
of data collection. The software allows one
to setup experiment conditions, storage and
search for the appropriate case in the data
base. Also, it makes possible to conduct
measurements in real time with simultaneous
archiving and visualization of experimental
data, view and analyze results (from site).

ACTest consists of an experiment
preparation and conduction module (Fig. 2)
which receives signals from sensors in real
time mode and performs  primary
mathematical data processing; and after
session data processing module (Fig. 3)
which allows analyzing the experiment
results (in the form of stress-time
relationship graphs).

3 RESULTS AND DISCUSSION

3.1 Shear tests without vertical load

Testing of the specimens was carried out at
several stages: 1) shearing without vertical
load; 2) shearing with gradual increase of
vertical load from 50 to 150 at; 3)
installation of 6 or 8§ steel springs on the
hydraulic shear unit. Each experiment was
carried out on isolated specimens.

The specimens of lenticular-striped
apatite-nehpeline ore were tested without
vertical load. They had the shape of
parallelepiped and cylinder. Shear strength
for the first specimen was found as 7 MPa,
and for the latter it was 16 MPa. The
difference in the values meant that in the
parallelepiped  specimen  shear  stress
concentration occurred in the edges. In turn,
this resulted in decrease of the shear strength
value.

Figures 4 and 5 present photos of the
specimens before and after destruction. We
can see that in the cases there was a pure
shear. The lateral strain values of the
specimens were near 9 mm. In general, the
occurrence of tensile stresses wasn’t
observed in this test. The obtained values of
the shear strength were used as the basic
values of cohesion for lenticular-striped
apatite-nehpeline ore specimens.

D | g
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Figure 2. Interface of experiment preparation and conduction module
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Figure 5. Cylinder specimens of the apatite-nepheline ore before and after destruction
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3.2 Shear tests with vertical load

The next stage included specimens testing
when changing the values of the vertical
load. It was established that increase of the
vertical load value led to increase of the
shear strength. This regularity was found for
specimens of medium-granular massive
feldspar urtite with sphen, fine-medium
granular massive urtite and lenticular-striped
apatite-nepheline  ore. However, with
increasing of the vertical load from 100 to
150 at we established two ways of the shear
strength values changing: for medium
granular massive and inequigranular massive
feldspar urtites these values didn’t change,
while for apatite-nepheline ore they
decreased. The first results were probably
related to the fact that the specimens
sufficiently consolidated under the influence
of the vertical load. In the second case the
fissuring in the weaker ore resulted in
decreases of specimens shear strength.

Another  characteristic ~ feature  of
specimens testing under the vertical load
was their stronger disturbance. The values of
deformation under the vertical load at 50 at
were significantly less than those obtained
without it. However, increase of the load to
150 at led to gradual increase of the strain
values. The values of the shear strength
determined when testing specimens with
applying the vertical load were used to
create strength certificates.

3.3 Shear tests with steel springs

On the third stage the experiments were
carried out on the specimens with
installation of 6 or 8 steel springs on the
hydraulic shear unit. These tests allowed
effect of a rockburst occurred in the rock
mass to be modeled on the specimens. The
characteristic feature of the experiments was
dynamic fracture with strong sound. This
kind of fracture occurred due to decrease of
load rigidness caused by adding the steel
springs.

As is known, the Khibiny massif includes
hard rocks. This fact means that failure
occurs only under rigid conditions, i.e. when

displacement is constrained. But if there is a
possibility for displacement to occur then a
shear resulted in rockburst is appeared.

The most significant disturbances of the
specimens were observed during these tests
in comparison with other experiments. In
some cases the specimens were almost
completely destroyed. Also, it was found
that increasing of the number of the springs
intensified the rockburst effect. This fact
showed that loading speed influence on the
specimens shear strength.

When testing specimens with installation
of a steel spring on the hydraulic shear unit
and changing the vertical load it was found
that under the same load the increasing
number of the springs led to increase of the
shear strength values. This was typically for
specimens of medium-granular massive
urtite, medium-granular massive feldspar
urtite with sphen, apatite-nehpeline ore and
inequigranular massive feldspar urtite. For
other tested rock specimens adding of the
number of the springs didn’t result in
increase of the shear strength values.

By comparing tests with using of the steel
springs and without them it can be said that
for the tests with springs smaller values of
the shear strength were observed. It was
probably connected with the fact that when
the springs were straightened, instantaneous
transferred energy resulted in decrease of the
specimen strength. Therefore such effect
caused the reduction of the shear strength
values.

3.4 Creation of the shear strength
certificates

The final stage of the study consisted of
creation of the strength certificates for all of
the researched rocks. For this purpose the
values of the shear strength and vertical
loads were used. The certificates were built
by using Mohr-Coulomb failure criterion,
which is:

T = cto*tgo,
where 1—horizontal stress (MPa), c—cohesion
(MPa), o—vertical stress (MPa), tgo—

coefficient of internal friction (Turchaninov
etal., 1977).
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The results were shown in the form of
horizontal stress-vertical stress relationship
graphs (Fig. 6) which allowed us to
determine the values of cohesions and
internal friction coefficients.

The shear strengrh certificate for specimens of apatite-nepheline lenticular-

striped ore
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Figure 6. Strength certificate of the lenticular-striped apatite-nepheline ore

The Table 1 shows the results of feldspar urtite had the greatest value of

specimens testing under the different vertical
loads and data obtained on the basis of shear
strength certificates. Their analysis was

cohesion. Therefore this rock was the
strongest one. The specimens of lenticular-
striped apatite-nehpeline ore had the greatest

given above. It was established that value of the internal friction coefficient. And
specimens of inequigranular massive  this rock was the weakest one.
Table 1. The results of shear tests
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4 CONCLUSION

As the result the values of shear strength,
cohesion and internal friction coefficient
have been determined for all tested rock
specimens. The fracture pattern of the
specimens in each type of the experiments
has been found. The analysis of obtained
data has been carried out and some
regularity patterns established. These data
are essential in the development of
recommendations on the selection and
estimation of rational parameters for mine
workings  support,  especially  under
conditions of dynamic rock pressure
occurrence and unstable and oxidized rocks.

ACKNOWLEDGEMENT

The reported study was partially supported
by RFBR, research project No. 12-05-00507.

REFERENCES

Citovich N.A., 1983, Soil Mechanics, “Vicshaya
shkola”, Moscow, 288 p.

Official site of ACTest developers:

http://www.actech.ru/productions/serial/actest.shtml

Turchaninov, I.A., lophis M.A., Kasparyan E 1977.
Foundations of Rock Mechanics, “Nedra”, Saint
Petersburg, 507 p.

625



626



23" International Mining Congress & Exhibition of Turkey « 16-19 April 2013 ANTALYA

Rock Mechanics Monitoring of Hard Rock Massifs Using Space

Geodesy Methods

A.A. Kozyrev, E.V. Kasparian, S.N. Savchenko, R.N. Dostovalov

Mining institute KSC RAS, Apatity, Russia

ABSTRACT The comparative analysis has been carried out of the results of optical distance
and GPS-measurements in observation stations of the geodynamic testing site at the
“Zentralny mine”, “Apatit” JSC in the Khibiny rock massif. The results of GPS-measurements
for 2007-2011 are presented. The values are determined of secondary stresses, deformations
and rotations in the blocks under review with active response towards changes in the general

geodynamic setting in the testing site.
1 INTRODUCTION

The methods of the space geodesy,
particularly GPS-technologies are currently
widely applied to define the absolute
coordinates of the earth’s surface points and
the movement of different large geological
objects, e.g., lithosphere plates in time and
space [Robert McCaffrey, 2005].

But until recently the applying of these
methods to study the deformation of
relatively small-scaled rock masses located
in the vicinity of the mining enterprises was
restrained due to low accuracy of
determination  of  movements  and
deformations [Panzhin A.A., 2008].

The geodynamical setting in the land
allotment area of the Tsentralny mine is
more difficult compare to other mines of
“Apatit” JSC. This is caused by high rock
mass intensity, large volumes of extracted
and removed rock mass, developed
underground vehicle excavations (deep
orepasses and large sectional tunnels). The
situation is additionally complicated by the
underground mining operations at the
Rasvumchorr mine, in the immediate
proximity to an open-pit.

These factors cause higher geodynamical
activity of the rock mass what is seen in
periodical occurrence of large dynamical
rock pressure in the vicinity of the
Tsentralny mine.

2 PROBLEM STATEMENT

Natural stress-strain state of the rock mass
at the Tsentralny mine is caused by
simultaneous action of tectonic and gravity
components. The tectonic component of the
stress field acts along the ore body strike;
the gravity component acts in the vertical
plane and is determined by own weight of
the rock mass and rocks removed into the
dumps close to the open-pit wall. An initial
task for the monitoring observations was to
assess stability of the north-western pit wall
which  state was complicated by
underworkings at the Rasvumchorr mine.
Also there was a task to assess a large fault
in the western part of the open-pit where
large-scale works were carried out to form
a waste rock dump. For these purposes
special observations for rock mass
deformations and displacements were
organized by the survey agency of the
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Figure 1. Geodynamic testing site

Tsentralny mine (1994) and the Mining
Institute KSC RAS (1999) and are carried
out to the present. The geodynamical
testing site built in 1999 (fig.1) consists of
eight basic stations, four of which are
located from the same side of the monitored
fault (A-A), and other four stations are
located in the adjacent structural block.

The rock mechanics monitoring includes
identification of  displacements and
deformations of basic and working testing
site stations.

Both traditional geodesy (leveling,
traverse survey, triangulation, trilateration
survey) and space geodesy methods are
likely to be applied for these purposes. The
observations on the basic stations, the
Tsentralny mine, are carried out by the
complex  method:  optical  distance
measurements are made by an optical
distance measuring device Mekometr-5000
(ME-5000), and the absolute coordinates of
the stations are identified by the space
geodesy methods (GPS-technologies).

3 MEASUREMENTS

The technique of the optical distance
measurements was tested by long-term
operations on geodynamical testing sites
and consists of periodical measurements of
inclined distances between basic and
working stations. The optical distance
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measuring device and reflectors at the
stations are installed out with forced
centering, that’s why installation errors are
extremely negligible. This allows the
measurements of distances between the
stations in one-way movement only to
reduce time and keep accuracy. Regular
GPS-measurements have been carried out
since 2007, GPS-satellites (USA) being
used only.

To the date we have five sets of
equipment, including JNS Lexon-GGD
receiver and JNS Chock Ring CR3_GGD
antenna designed and produced by “Javad
Navigation System”. During measurements
the receivers are replaced in a certain order
from the station to the station so that
simultaneous equipment work time in each
triangle is minimum 5 hours. Differential
correction with a fixed GPS receiver
located in the basic station with
predetermined coordinate is applied to
reduce measurement errors. During the
whole measurement period the basic station
accumulates data on coordinate
determination errors which are taken into
consideration by the specific software when
processing data from mobile receivers
installed in the monitored stations.

GPS-measurements  register  pseudo-
distance to GPS NAVSTAR satellites on
two frequencies of L1=1575,42 MHz and
L2=1227,60 MHz with 30 sec interval.
Signals registering and tracking are carried
out automatically under control of firmware
receivers.

The data obtained are treated by the
software Pinnacle designed by the company
producing the equipment applied. As a
result we obtain the observation points
coordinates in the international geodesic
system WGS-84. Stations displacements
are calculated by changing of the
corresponding coordinate components from
the cycle to the cycle. If GPS-
measurements are applied to monitor the
geodynamical state of the rock mass, one of
the main issues is to provide the sufficient
accuracy of the results obtained.

To solve this problem under the specific
conditions of apatite-nepheline deposits the
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GPS-measurement results, particularly,
vectors lengths were compared to the
results of optical distance measurements for
the same distances. The data analysis
indicates divergence between results of
GPS and optical distance measurements
from -3.5 to +32.9 mm, which is probably
explained by significant systematic errors
of both measurements. Other situation
appears when comparing the stations
displacement determined by results of
optical distance and GPS-measurements. At
that majority of comparison results are
presented by considerably smaller values.

For the correct estimation of the
distances measured and the rock mass
displacements by results of optical distance
and GPS-measurements we can calculate
errors of results obtained.

Mekometr-5000 error equation (by
results of the equipment calibration,
October, 2006) can be determined as:
mey =+(038+.68-D)

Where D — distance measured, km.

Displacements error by optical distance
measurements can be expressed as:
my, =me, N2 =i\/§-(0.38+0.68-D)(1)
GPS-measurements error (at the average,

by technical data of the equipment applied)
is defined as:

Meps =23+ 1ppm) =+(3+1mmforlkm). Then
the displacements error by GPS-
measurements is determined:

Mygps = Mgps N2 =432 -3+ Lun forlkm) (2)
Total error of displacements comparison is
expressed as:

M = \2m, +2m 3).

The calculation values of the errors for
all the distances between the stations of the
testing site are presented in the Table 1.
The column 6 contains actual difference in
movements identified by optical distance
and GPS-measurements; values exceeding
calculated errors are blue-colored.
According to the data given (Table 1)
calculated values of mean-square errors are
exceeded in 10 cases of 45 (22%). It is an
evidence of some nonregistered local
causes of inaccurate measurements. At that,
maximum divergences from one cycle to
another one are often observed for the same
stations. This is an evidence of local causes,
e.g., due to incorrect installation of
antennas or some obstacles for satellite
signals passing.
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Table 1. Errors of optical distance and GPS-measurements results

Sites Distance MaLce, Magrs, M =+ Zmz +2m(2;,,s AME - AGPS,
(km)  (mm) (mm) (mm) (mm)
1 2 3 4 5 6
Tsentralny mine, “Apatit” JSC
P1-P2 08 413 453 5.5 155 '3'5;0'8'7; 0.2;-
P1-P3 1.8 +23 +6.8 +7.2 1.9;29;4.7;-1.9;-6.4
P1-P4 19 423 69 7.3 12052135 045 5.2
P3-P2 17 422 466 +7.0 1.0 1.1; 0.6; -2.4: -2.7
P4-P2 1.9  £24 %70 +7.4 4.2;-1 4'73; 3'1; -0.9;-
P4-P3 04  +1.0 =49 +5.0 -6.2,-3 ‘4i %‘3 <035 -
“Smotrovaya”—P3 2.1 26 £72 +7.7 7.1;-9.5;4.1;-9.2; 0.6
“Smotrovaya”—P4 1.8 £22  +6.7 +7.1 26.8,-2 7°05;1 3297,
P1-P5 2.8 +3.2 £8.2 +8.8 4.1
“Smotrovaya”—P5 2.2 2.7 £7.4 +7.8 -2.4
P2a-P1 0.9 +14 +£55 +5.6 0.1
P2a-P3 1.7 2.2 +6.7 +7.0 1.4
P2a-P4 2.0 2.5 +69 +7.3 4.7

The data (Table 1) also demonstrate
tendency to increase of difference between
optical distance and GPS-measurements
results with increasing of distances between
the observation stations. Optimum distance
between the basic stations is 1500 m. At
that  calculated wvalue of distance
determination error by optical distance
measuring method is +£2.0 mm, and
coordinates determination error by GPS-
method is +6.3 mm. The latter value should
be taken as a limit error when monitoring
stress-strain state of the rock mass.

4 TREATMENT OF MEASUREMENTS

The main aim of rock mechanics
monitoring and, in particular, of GPS-
measurements, is to identify space and time
displacements of the basic stations due to
large mining-induced impacts. Coordinates
of all the stations in the geodynamical
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testing site vary under impact of the
following causes:

3 Global displacements of Euro-Asian
lithospheric plate AXgjoba;
. Mining-induced
AXtcchrL;

. Errors of GPS-measurements, AXcror

displacements,

In this case total displacements of basic
stations can be determined by equation:

AX = AXglobal + Axtechn. + AXerror (4)
Coordinates of a basic station (Mining
Institute) vary under impact of:

. Global displacements of Euro-Asian
lithospheric plate AXgiobat;
° Errors of GPS-measurements, AXcrror

AXMI = AXmigiobal T AXMrerror -~ (5)
It is suggested that:
AXgiobal™ AXMiglobal;

Xerror = AXMIerror . .
Hence, to determine displacements of the

stations from the geodynamical testing site
due to mining-induced impacts only it’s
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necessary to deduct displacements of the
basic station appropriate in time from the
total displacements of each station. So, final
mining-induced displacements of the
stations can be determined by the formula:

AxtcchnA = AX — AXglobal - AXc:rror = AX —
AXMlgloball - AXMIerror = AX - A>(MI- (6)
Table 2 presents “reduced” displacements
of the stations, i.e., displacements
calculated taking into account
displacements of the basic station.

Table 2 Reduced displacements of basic stations

AX, mm AY, mm AZ, mm

Year  Smot “Smot “Smot

rovaya Pl P2 P3 P4 rovaya Pl P2 P3 P4 rovaya Pl P2 P3 P4

” site ” site ” site
2007 00 00 00 00 00 00 00 00 00 00 00 00 00 00 0,0
2008 00 04 -02 91 91 -04 -04 -05 95 186 -08 -28 -0,7 83 -373
2009 -261,0-282,0-275,0 -271,4 -272,0 -112,5 -126,0 -122,4 -128,6 -136,7 -633,1 -682,7 -655,5 -680,3 -655,4
2010 -20,9 -21,6 -17,1 -16,8 10,0 -12,0 -14,0 -11,7 -9,7 3,5 -46,5 -43,2 -449 -569 93
2011 23,5 27,8 209 31,6 26,5 23,0 19,8 16,3 21,5 142 573 61,8 584 533 368
2012 6,9 10,1 4,7 38,0 279 -148 -189 -224 -0,2 -10,6 -2,2 -154 -369 353 2,9

By reduced displacements there were
calculated values of secondary principal
deformations and stresses, rotations and
complementary  specific ~ deformation
energy in structural elements of rock mass.
The latter are triangles which apices are
formed by the corresponding stations
[Savchenko,  Kasparyan, 2007]. The
calculation results for the most typical
structural blocks are presented in figure 2
and table 3.

Smodroy Wy

Figure. 2 Typical structural blocks of the
testing site with estimated stress-strain state
and energy-saturation
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Table 3 Secondary stresses in the rock mass (o}, 6,, 03), rotations and complementary specific

deformation energy (w) in elementary volumes of structural blocks.
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5 RESULTS ANALYSIS

The tensor of secondary stresses in all the
calculated blocks for the period estimated
(2007-2010) is caused by simultaneous
action of compression and tension stresses,
but for the “Smotrovaya P1-P2” block
where change of stress state was caused by
small compression stresses only (2009-
2010), and by tension stresses only (2010-
2011).

For the whole observation period (2007-
2011) maximum tension stresses (o,=+0.75
MPa) were registered in «P2 — P3 — P4»
block during 2009-2010, and maximum
compression stresses o;=-1.62 MPa were
registered in the “Smotrovaya-P3-P4”
block. It’s necessary to note that these
stress values are realized stresses as a result
of deformation for a time period from a
previous observation period, i.e., from an
initial state of the rock mass monitored. In
general, the results obtained indicate that
rocks intensity degree is characterized by
rather low values of stresses changes for the
period under review.

Value of complementary specific energy
in all the blocks was varying during all the
period under review. Maximum energy
change (E=140.26 J/m’) was registered in
the “Smotrovaya-P3-P4” block for 2009-
2010. This value was much smaller than a
critical value of 0.25+0.30 J/m’determined
by the samples destruction. During the
subsequent cycle the energy value was
reduced almost by an order.

Relatively large changes of energy
magnitude correspond to the blocks
containing P3 and P4 stations, which is
evidence of larger activity into this part of
A-A fault, and, into the hanging wall of the
deposit, in general.

6 CONCLUSION

Monitoring of the geodynamical testing site
located at the Tsentralny mine, “Apatit”
JSC, indicates that the rock mass within an
area observed noticeably responds on
seismic events, and stress-strain state of
structural blocks changes accordingly. The

developed technique of measurements and
results treatment allows tracking secondary
deformations values, calculating angles of
stress-strain  state change, determining
rotations and assessing a realized
deformation energy magnitude for the
structural blocks observed. The structural
blocks the most actively reacting to change
of a total geodynamical situation were
selected. Continuing observations and
further  results  accumulation  must
demonstrate how far these active blocks can
indicate state of the whole rock mass. It is
quite possible that these active blocks can
demonstrate trends of change of the rock
mechanics setting at the whole monitored
rock mass.

ACKNOWLEDGEMENT

The reported study was partially supported
by RFBR, research project No. 12-05-
00507.

REFERENCES

Robert McCaffrey Block kinematics of the Pacific-
North America plate boundary in the
Southwestern United States from inversion of
GPS, seismological and geologic data// Journal
of Geophysical Research.-2005-V.110-
BO7401-doi:10.1029/20047b003307.

Panzhin A.A. Practice of geodynamical GPS-
monitoring on the objects of subsoil use /
Geodynamics and stress state of the Earth’s
interiors:  Proceedings of the scientific
conference / Mining Institute of the Siberian
Branch of RAS. Novosibirsk.-2008.

Savchenko S. Kasparyan E. The theoretical
principles in geomechanical monitoring data
processing for a block medium. Proceeding of
the International Geomechanics Conference 11-
15 June 2007, Nessebar, Bulgaria, V-1 — V-8.

633



634



23" International Mining Congress & Exhibition of Turkey « 16-19 April 2013 ANTALYA

Comparisons between Predicted and Observed Surface Settlement
for Deep Excavation Adjacent to Building in Soft Ground

M. Akchiche, M. Kouici

Laboratory of Geotechnical Engineering, Infrastructure Development hydraulic, Faculty of
Civil Engineering, USTHB, BP. 32 El Alia, Bab-Ezzouar, Algeria

ABSTRACT The development in urban areas typically requires the necessity of deep
excavations near existing structures on the surface.

For reasons of space these excavations are near and structures in service area. The integrity
and stability of these structures is a key issue during the different phases of new construction

work (excavation, construction ...).

This problem represents a complex study of soil-structure interaction. In this paper, we
present a numerical study of this interaction and we perform a comparison between the
numerical results obtained in both two dimensional with CESAR-LCPC code.

Keywords Soil settlement, behavior, comperative study, measurement result, numerical code,

foundation, deep excavation

1 INTRODUCTION

In dense urban environments where land is
scarce and buildings are closely spaced, deep
excavation for basement construction and
other underground facilities such as mass
rapid transit stations and cut-and-cover
tunnels is unavoidable. As these excavations
are usually carried out close to existing
buildings, a major concern is to prevent or
minimize damage to adjacent buildings and
underground utilities. To date, most of the
research has been on the prediction of
ground settlement and the lateral movement
of the retaining wall system Peck (1969);
Clough and O’Rourke (1990); Ou et al.
(1993).

Many studies on the performance of earth
retention systems were done and reported
since the past couple of decades. Lateral and
vertical behavior of excavation, responses of
adjacent structures, and performance of stiff
support are referred to Finno and Harahap

(1991), Finno and Bryson (2002), Son and
Cording (2005, 2007). The effect of corners
in strutted excavation in Singapore and
performance of top-down excavation in
Shanghai and Taiwan can be referred to Lee
et al. (1998), Onishi and Sugawara (1999),
Ou et al. (1998), and Kung (2008).
Performance of permanent anchored wall
and the stability issues are referred to Briaud
et al. (2000) and Mueller et al. (1994).

Because of the great risk associated with
the potential impact of construction
deformations on adjacent structures. The
designers of the design office undertook the
responsibility of designing the excavation
and shoring system to control ground
deformations within specified limits.

The specified limits for deformations
were developed based on detailed
structural  analyses that evaluated the
response of each individual building to the
estimated deformation profiles. In addition,
specified requirements regarding the
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excavation and shoring processes were
developed to minimize the risk that ground
deformations might exceed the tolerable
limits determined from the structural
analyses.

The philosophy and approach followed by
The designers team was based on the
premise that the designer is in the best
position to specify the requirements for the
various construction activities to achieve the
intended results.

A monitoring program was implemented
to measure ground and  building
deformations during construction. The
ground deformations caused by the various
construction activities were evaluated and
compared with the estimates made during the
design.

During construction in front of the
buildings, the ground deformations as well as
the performance of the buildings were
monitored carefully and evaluated promptly,
and they were compared with the results of
the structural evaluation to verify that the
existing buildings were not impacted
adversely.

This study summarizes the geotechnical
aspects of airshafts construction (PV1). It
presents and discusses the subsurface
conditions and the key elements of the
excavation and shoring design, and
summarizes the results of the measurements
regarding the performance of the excavations
and of the adjacent buildings (fig. 1).
General conclusions from this case history
are presented at the end of the paper.

L

Figure 1: Map view of the part project area.
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2 GEOLOGICAL AND
GEOTECHNICAL CONDITIONS

Algiers region 1is constituted of three
geomorphology types Sahel, lowland of
Mitidja and Blideen Atlas. The recognition
analysis of the geologic exploration showed
that the basement is mainly made of a
homogeneous structure. This structure is
represented principally by four big distinct
lithology types:

- The Plaisancien, formation of grey marl
at grey greenish,

- The Astian formation, sandstone, fine at
coarse sands,

- The Plio-quaternary formation, brown
clay at blow,

- The Quaternary formation, colluviums,
alluvial deposits.

The Algiers region is an active seismic
zone, according to its geographical position
on the verge of both tectonic plates, which
are in continuous compression, Africa and
Europe.

The medium geotechnical characteristics
of the different skylines obtained at the
geotechnical exploration are summarized in
the tab. 1, and represented in figure 2. It has
been observed following

e Embankment: Rx

e Quaternary clay: Q.A
o Tertiary clay: T.A

e Tertiary sandy: T.S

We note that the level of aquifer is below
our buried structures

‘aphiragn wa 3|

settony-af | i e
Section 2. 667 | -"Imﬂm
Section 3.0
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Section § - 18-~

Section 7. Bm—F
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Figure 2: Calculating sections into the well.
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Table 1: Commun physical and geotechnical
properties of the soils

Table 3: Propriety of projected concrete
C25/30 (EC 2) according to the depth

Rx QA TA TS Number of Thicknesses
y 19 20 2 N Depht Dlies corresponding
(KN/m3) [cm]
E 3 1 12
MNm?) 87 6 2 24
c' 9 3 36
0 48 53 55
(kl\é/mz) 12 3 36
u 5 72 89 76 15 3 36
(kN/m?) 18 3 36
‘fo)’ 19 22 25 27 21 3 36
24 3 36
Pu 19 6 17 21
K -5 -7 10-4
(mls) - 10 3.1077 10 - |
Ko 0,6 0,6 06 06 P $
- o
Sm | A o A4
3 PROJECT DETAILS H t ore), ¥ AR B P\
Jw T Im K5 ™
At the completion of PV1, the digging was s *‘? | ,7_* el R o
done with steps of progress whose value "4 LA - KN
depended on the nature of the different strata - "T r = 1
of the ground to a depth of 24 m. Steps = K o
ranged from 0.5 meters to dig the most O S

unstable layers, up to a pitch of 1.5m layers
for more stable.

The support wused is composed of
Shotcrete more welded mesh. The well is
applied compression; welded mesh is not
involved in the resistance, but serves to keep
up the shotcrete (table 2 and table 3).

Sections of calculation we have chosen
correspond to the levels chosen by designers
for measuring convergence in the well, and
to be able to compare the results with actual
measurements measured (figure 3).

Table 2: Propriety of projected concrete
C25/30 (EC 2)

(7/) Oc Oy E,
KN/m®  MN/m’>  MN/m’.  MN/m’
25 25 2,6 15.000

Figure 3 : Implementation targets in the well

4 FINITE ELEMENT ANALYSIS

A series of 2-D simulation using the finite
element analysis were conducted by using
CESAR-LCPC software. This program was
designed to provide complex geotechnical
structure analysis in two and three
dimensions. Soils were modeled using the
drained material properties with the linear
elastic perfectly plastic “Mohr Coulomb”
failure criteria.

Simulation of the TV 1 process was
commenced with the selection of the PV 1
geometry and model geometry in two
dimensions, the model takes advantage of the
axisymmetrical of the problem.

637



M. Akchiche, M. Kouici

The model was fixed in the horizontal
direction at two vertical sides, which means
that vertical movement was allowed, and the
bottoms part of the boundary was fixed in the
vertical movement. The vertical or horizontal
movement was allowed at top surface the
model, as can be seen in Fig. 6.

4.1 Sequential Excavation of Model.

In this analysis, excavation has been
carried out in seventeen steps. The detail
analysis procedures used during this
sequential excavation model are as follows:
Step1. Constraint initialization (apply gravity
forces),

Step2.  Excavation 3m  depth the
representative elements of the lining are
deactivated

Step3. The representative element of the
lining support of the excavation is activating.
Step4. Excavation another 3m depth the
representative elements of the lining are
deactivated.

StepS5. The representative element of the
lining support of the excavation is activating
(between 3 and 6 m),

Step 6. We redo steps 4 and 5 to step 17,

5 INTERPRETATION AND
CONCLUSION

Figure 5 presents the comparison between
the measured, analytical solution and
numerical solution with Cesar-LCPC at PV
1.

After completion of the analyses, the
measured indicated that at the completion of
excavation, wall of excavation only
developed 20 mm deflection to the
excavation side at 16 m from the surface.
This important deformation with respect to
the value measured in the bottom of the
excavation (3mm) and at the head of the
excavation 4mm, is due to be possible errors
in the measurements. Since displacements of
the wall are important in design, it is
desirable to  obtain more accurate
measurements. It is believed that since other
measurements compare well with the
predictions, the displacements from the finite
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element prediction can be considered to be
reasonable.
In another time, the FEM modeling results

indicated that at the completion of
excavation, wall of excavation only
developed 15 mm deflection to the

excavation side. This small deflection can be
attributed that Overload due to the building
who did not have much im pact on the
excavation of PV1.

Figure 4: Finite element mesh for two
dimensional models

Deformation (mm)
0 -5 -10 -15 »2I0 -25 »1%0 -3

—o— Cesar-LCPC
NS s —>— Measured
/o T —=— analytical solution
of § = "
— o \ <
E 5 0
g e
e 20 O, u D
l//2<c >

25,

30

Figure 5: Results of deformation of the walls
depending on the status of digging through
the code Cesar-LCPC, analytical solution
and measured.
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In another time, the FEM modeling results

indicated that at the completion of
excavation, wall of excavation only
developed 15 mm deflection to the

excavation side. This small deflection can be
attributed that Overload due to the building
who did not have much impact on the
excavation of PV1.

Finally the result of analytical solution
given by the convergence confinement
method is give 33 mm in the bottom of the
excavation.

The observations of results of a deflection
for differents analysis are:

- Deflection given by analytical solution is
approximately twice the FEM.

- Deformation given by the FEM is less
than that given by the measures. This is due,
to our notice by the assumption made in
axisymmetrical FEM, which involves; the
loading is the same on the entire surface
while our building is right in a part of the
surface.

In conclusion, if appropriate soil
parameters and construction conditions are
used and assumed, continuous FEM
modeling can predict performance of
excavation of the well. Therefore, such
analysis can serve as a reference for design
or prediction on performance of retaining
structures.

In addition, continuous FEM analysis is a
powerful tool to understand soil-structure
interaction mechanism under complex
construction conditions.
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Post-Peak Behavior of Geomaterials with Block-In-Matrix
Texture

M. Afifipour, P. Moarefvand,

Amirkabir University of Tehran, Tehran, Iran

ABSTRACT Design and construction of engineering structures in geomaterials with block-
in-matrix texture (referred as bimrock in literature) such as conglomerates, breccias and
agglomerates are challenging task for engineers. When dealing with these materials in
important structures such as open pits with high walls and pillars of deep underground mines,
understanding the complete stress-strain behavior, including post-peak region, is a formidable
yet crucial engineering practice. In this paper, to study the post-peak behavior of bimrocks,
artificial specimens were fabricated. All the experiments were conducted under uniaxial
compressive stress conditions using a servo-control compression testing machine. The results
showed that, the highest block proportion specimens (around 90% by weight) showed a small
decrease in stress with strain increment in post-peak part. The specimens with lower block
proportion were characterized by an approximately steep fall in stress and following to
residual stress. Based on the study it is inferred that all the artificial specimens undergo post-
failure deformation and the type of post behavior depends on block proportions.

Keyword: bimrocks, uniaxial compression loading, servo-control, post-peak.

1 INTRODUCTION

In nature, there are a great number of
geomaterials (rock or soil) with a texture of
stiff rock blocks surrounded by weaker soil-
like matrix. In the literature, these
heterogeneous rock mixtures are commonly
referred as block-in-matrix rock (bimrock)
(Medley, 1994), soil-rock mixture (SRM)
(Xu et al., 2008) or Stiff rock-soil mixture
(SRSM) (Afifipour & Moarefvand, 2012).

The most widespread bimrocks are
conglomerates, breccias in sedimentary
rocks, agglomerates and pyroclastics in
igneous rocks, tectonic mélanges and flysch
in metamorphic rocks and in artificial forms,
mine waste dumps, tailing dam materials and
cemented rockfill as backfilling materials in
underground mining (Medley 1994;
Afifipour & Moarefvand, 2012).

Due to widely distribution of bimrocks in
nature, mining engineers may encounter with
such challenging materials during surface or
underground mining projects. For example,
conglomerate in Upper Witwatersrand basin
in South African gold mines (Schweitzer &
Johnson, 1997), coarse-grained cemented
alluvium covered the host rocks and ore
minerals in Gol-e-Gohar Iron mine(Iran)
(Akbarijour et al., 2005), Shale-Limestone
Chaotic Complex bimrock (SLCC) at the
Santa Barbara disused open-pit mine (Italy)
(Coli et al., 2011), soft conglomerates and
claystones of Newcastle coalfiled (Australia)
(Hutton, 2009) are some of bimrocks
reported in mining activities. In artificial
forms of bimrocks in mining projects,
Cemented paste backfill is an illustrative
example that increasingly used around the
world as a structural component of
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underground mine excavations.  This
artificial bimrocks is a mixture of total mill
tailings generated during mineral processing,
Portland cement or blended cement with
supplementary cementitious material, and
water  (Hustrulid &  Bolluck, 2001;
Benzaazoua & Belem, 2008).

When dealing with bimrocks in mining
engineering from geomechanic point of
view, it is essential to understand their
representative mechanical properties, in
order that safe and economic mining
operations can be achieved. In the mining
activities especially underground mining, the
stability control of surrounding rock mass is
an important issue, which must be
considered. The complete stress-strain curve
of an intact rock specimen, whether tested in
uniaxial compression or in a confined state,
is useful in understanding the total process
of specimen deformation, including pre and
post-peak regions, can provide insight into
potential in situ rock mass behavior
(Fairhaust & Hudson, 2000).

The post-peak mechanical characteristic
of rock mass plays a leading role in stability

control of surrounding rock mass in
engineering structures. For example in
design of excavation in rocks, the

information on the shape of the post-peak
region of rock samples is an essential
parameters in designing excavation in a rock
mass (Fig. 1). Once the excavation area is
completed, most of the rock material
surrounding it is in pre-failure zone. To
avoid failure the loading must be within the
pre-peak region.
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Figure 1. Relationship of complete stress-
strain curve on rock excavation work (after
Hudson, 1989)

Therefore, knowledge on the post failure
phase would also help reducing any potential
hazards that contribute to the economic
advantages of construction (Abdullah &
Amin, 2008). In regard to studying post-peak
mechanical behavior of rocks, a lot of
research has been carried out from different
aspects of engineering practices (Hudson et
al., 1972; Hallbauer et al., 1973; Chu et al.,
1996; Xiurun, 1997; Hoek & Brown, 1997;
Sterpi, 2000; Zhou, 2005; Liang et al. 2007,
and Kumar et al. 2010). About bimrocks,
there are few relevant studies in the
literature. Many researchers (Medley, 1994,
2001, 2002; Medley & Goodman, 1994;
Lindquist, 1994; Sonmez et al., 2004, 2006;
Kahraman & Alber, 2006, 2008) have
investigated the properties of different
bimrocks. However, none of these studies
specially investigated the post-peak behavior
of bimrocks.

In this paper, to properly interpret the
complete stress-strain behavior of bimrocks,
especially with high rock block contents
under uniaxial compression loading
conditions, model bimrocks with rock block
proportions more than 70 percent were
fabricated. In more details, model bimrocks
were fabricated for three high content of
rock blocks including around 70, 80 and 90
percent. Uniaxial compression test on two
sizes of cylindrical specimens were
conducted. In the following, we first explain
a little about common post failure response
of rocks. After that, the experimental
procedure including specimens preparation
and testing are stated. Then, the
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experimental results will be analyzed and
discussed in details. Finally, we conclude
with remarks about potential perspective of
this work.

2 POST FAILURE RESPONSE OF
ROCKS

In general, there are two main types of post-
peak behavior of rocks as shown in Figure 2.
The concept of Class-I and Class-II post-
failure behavior was originally proposed by
Wawersik and Fairhurst (1970), to classify
the shape of the complete stress-strain curve
for a particular rock according to its strain
beyond the peak strength. If the strain
increases monotonically throughout the
failure process, the curve is designated as
Class-I, and if the curve does not
monotonically increase in axial strain, the
behavior is Class-II. For Class II behavior,
at the peak of the curve, the specimen
contains more elastic energy than is
necessary to continue failure and so some
energy must be withdrawn, by reducing the
axial strain, to continue non-violent
progressive failure. Cylindrical specimens
that exhibit Class I behavior tend to be
somewhat ductile in nature when loaded
axially; whereas specimens that exhibit
Class II behavior tend to response in a brittle
fashion to axial loading (Fairhurst &
Hudson, 1999). Different controlling
methods are necessary when testing
specimens that exhibit Class II behavior.
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Figure 2. Complete stress-strain curves of
rocks under uniaxial compression illustrating
the two main types of failure behavior.

Figure 3 schematically gives a set of
common stress-strain curves, including post-
peak region, observed in laboratory test of
rock and soil specimen. They are typically
classified as four types, i.e. perfectly brittle-
plastic (curve I), strain-softening (curve II),
perfectly plastic (curve III) and strain
hardening (curve 1V) (Zheng et al., 2005;
Wang et al., 2011).

Concerning the rock mass scale, Hoek and
Brown (1997) were among the earliest
authors highlighting the significance of
having an estimate of post-peak rock mass
behavior (Alejano et al., 2010).
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Figure 3. Stress-strain curves observed in
laboratory test of rock and soil specimen
focusing on post peak region

(After Wang et al., 2011)

They categorized the rock mass responses
according to the GSI value (Fig. 4). For
massive brittle rock (70<GSI<90), Hoek and
Brown (1997) reported high stress resulting
in intact rock failure and practically all
strength lost on failure. For heavily jointed
rock (50<GSI<65), moderate stress levels
result in a failure of joint systems and the
rock becomes like gravel. For jointed
intermediate rock (40<GSI<50), strain
softening was assumed. Finally, for very
weak rock (GSI<30), -elastic—perfectly
plastic behavior and no dilation was
assumed; in other words, the failure criteria
is already at the residual stage (Fig. 4). In the
following the post-peak behavior of
bimrocks specimens are discussed.
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Fi%ure 4. Different post-failure rock mass
behavior modes for rock masses with
different strength indexes (GSI) (Based on
Hoek and Brown (1997))

3 ARTIFICIAL BIMROCKS
FABRICATION AND TESTING

The main objective of this experimental
study is to investigate the post-failure
response of model bimrocks. In this
research, three series of cylindrical
specimens of sizes 150 *300 (mm) were
fabricated. Artificial bimrock were prepared
by mixing of rock particles and a cementing
agent that in this research Portland cement
was used.

For rock particles, river aggregates were
chosen that the diameters range from 5 to 20
mm. The particles have a density of 2.53
gr/em’ with smooth surface and a good
variability in spherity and almost normally
distributed sizes. The compressive strength
of the particles is around 25 MPa according
to the correlation by point load test, so that
they can break under moderate compressive
loads.

For the matrix, Portland cement and water
were mixed in the ratio of 0.3
(water/cement) to prepare mortar, which can
be filled easily into the mold while
embedding the rock blocks. Three artificial
bimrock compositions were prepared with
mixture ratio by weight of rock blocks range
around 70, 80 and 90 percent. Three
specimens of each proportion were created.
The rock particles were mixed with desired
amount of cement and water in a box at
ambient temperature and carefully stirred
manually until a homogeneous mixture was
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obtained. Then, the mixture was placed in
the molds whose internal wall was covered
by a greasy film, which had a weak adhesion
with the cementing paste. The mixture
compacted layer by layer in order to obtain a
dense packing, which was unmolded after 24
hours. For curing the specimens, they were
kept for 28 days in a wet environment at a
temperature of around 25 and relative
humidity of 95 percent. Three 150*300
(mm*mm) cylindrical specimens respect to
their rock block proportion (RBP) by weight
were fabricated, as shown in Figure 5.

The compression test was performed
according to ASTM C 42(1995) which has
several requirements regarding the shape of
the test cylinders used for the compression
test.

| WO REP Sgecamen |
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Figure 5. Fabricated model bimrocks with
three different rock block proportion (RBP)
in cylindrical mould of size 150*300
(mm*mm)

One of the main requirements is that, the
ends of the specimens are required to be
within 0.5 degree of perpendicular to the
axis, and must be plane. Because of the high
proportion of rock blocks in the model
bimrocks, none of them met this
requirement. Therefore capping the ends of
the specimens is required. The cylinder
specimens were capped at both ends with a
gypsum capping compound following
ASTM C617 (1995).

The servo-hydraulic testing machine frame
used to perform uniaxial compression test,
are shown in Figure 6. All the compression
tests were carried out under displacement
control at a rate of 0.03 mm/sec. In each test,
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the loading was continued until full failure
of the specimen occurs.

Figure 6. Servo hydraulic 8502 Instron
instrument for compression testing
containing model bimrocks

In the following section, we present and
discus our main experimental results by
focusing on the post-peak behavior of
bimrocks as a function of high rock block
proportions under uniaxial compression
loading.

4 EXPERIMENTAL RESULTS

In Figure 7, a series of failed specimens with
different RBP are illustrated. According to
the figure, localized shear failure with
tortuous shape were dominant failure modes
for these specimens.

Complete stress-strain curves of two series
of cylindrical samples are shown in Figure 8.
Post peak behavior in all the uniaxial
specimens was observed as strain softening
and ductile.

Generally, softening is associated with a
zone of localized microcracks that coalesece
and propagate to form a fracture or shear
band, depending upon loading condition.

Figure 7-A series of failed specimens with
different RBP.

Inside the zone a decrease in stress is
accompanies by an increase in strain, while
outside the zone the strain decreases (Labuz
et al., 1985; Labuz & Biolzi, 2007).

In all these curves, thickness of lines
referred to the RBP of the specimen (Fig. 8).
In pre-peak region, for all curves, the trend
is more or less identical. In pre-peak region,
first part is characterized by a non-linear
concave upward section that is due to the
porous texture of specimens and closure of
voids and pre-existing fissures in the
specimens. After this part an approximately
linear part, exist that followed by a non-
linear part up to the peak strength point. Of
course, for the specimens a unique and sharp
strength peak point could not considered. It
may be due to the localized failure and rock
block movement that lead to interlock with
surrounding blocks.

The deformation patterns observed in the
post-failure  region can be broadly
categorized in to three types. Of course, as a
general result, increasing the RBP in the
specimens change the deformation in post
peak from “an approximate steep drop in
stress” to “low decrease of strength with
strain increment”.

1) 70 %RBP Specimen. After the peak
stress, the stress drops steeply with
continued deformation. The load bearing
capacity of rock decreases very fast with a
very small amount of deformation.

2) 80 % RBP Specimen. For this
specimen, the stress drop rate decrease
respect to the 70 RBP specimens and has a
gentler trend.
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3) 90% RBP specimen. In the post-peak
region, the stress decreased gradually with
significant deformation.

According to Figure 8, deformation
modulus for the specimens has a special
tread. Considering the tangent modulus
(TM) for each stress point of the curves, for
the first part, concave upward, the TM value
increased gradually to reach a constant
amount corresponding to the equivalent
elastic modulus. After that, with strain
increment, TM decreased gradually to zero
at the peak zone.

Further, the modulus in the post peak zone
is very important especially in both long
wall mining and design of mine pillars
(Bieniawski, 1984). In all these curves, the
dotted line at the post-peak region shows the
approximate slope of post-peak deformation
(equivalent to the deformation modulus in
post-peak region).

According to the figure 8, the negative
slope of the stress-strain curves in post-peak
part decreases with an increase in RBP of the
specimens. For some specimens in post-peak
region of  stress-strain  curves, the
deformation changes locally from softening
to hardening.

1]
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Figure 8- Two series of complete stress-
strain curve for 150*300 (mm*mm)
cylindrical specimen of artificial bimrocks
with three high different RBP.
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However, the dominant trend is softening
for post-peak deformation. These locally
hardening parts may be due to secondary
interlocking  during bond degradation
between rock blocks and their resultant
displacement.

The Class-II failure as reported in the
literature was not observed in the specimens.
Based on the study it is inferred that all the
artificial specimens undergo post-failure
deformation and the type of post behavior
depends on specimens’ RBP value.

5 CONCLUSION

Based on the laboratory tests on artificial
bimrocks specimens with high RBP using a
servo-controlled  machine,  stress-strain
curves of bimrocks specially post peak
behavior were investigated considering
different RBP. Obviously, the stress-strain
relation and deformation characteristic in
post-peak region depend strongly on the
RBP of the specimens. The specimen with
the higher RBP has a gentler post-peak
behavior. However, for the specimen with
lower RBP the shape tends to become
sharper.
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ABSTRACT Mode I and mode 1II stress intensity factors (SIFs) through the thickness of
edge crack in semi circular bend (SCB) and center cracked circular disc (CCCD) specimens
have been analyzed using three dimensional finite element analysis. The effect of the CCCD
and SCB specimen thickness on the through-thickness variations of SIFs has been studied.
For all mode of mixity, the peak value of mode I SIF is found at mid plane of SCB specimen
and for thin CCCD specimen, while, this location is shifted to be near the free surface plane
in thick CCCD specimen. The variation of mode I SIF in CCCD and SCB specimens has a
similar trend.

Keywords: Stress intensity factor; Mixed mode I/II; SCB specimen; CCCD specimen; three

dimension finite element.
1 INTRODUCTION

Cracks experience a combination of two
major modes of loading: mode I and mode II
due to arbitrary orientation of flaws relative
to the overall applied loads. Two frequently
employed disc type specimens are the centre
cracked circular disc (CCCD), subjected to
diametral compression, often called the
Brazilian disc, and the edge cracked semi
circular bend (SCB) specimen subjected to
three-point bend loading. The major
advantages in using these two specimens are
that specimens can be easily extracted from
the cores of rocks materials; they have a
simple geometry and simple loading
configuration. In addition, the test procedure
is straightforward, there are few machining
operations and different mode of mixities
may be introduced from pure mode I to pure
mode II. Hence these test specimens have
been used frequently to investigate mixed
mode crack growth of rock materials,
concrete, biomaterials, and other material
(Sallam, and Abd-Elhady, 2012), (Chen, et
al. 1998), (Ouinas, et al. 2009). Ayatollahi
and Aliha (Ayatollahi, and Aliha, 2008)
depicted that the normalized mode I and

mode II stress intensity factor are functions
of the crack length ratio a/R and crack angle
B only for CCCD specimen and crack length
ratio a/R, crack angle  and S/R for SCB
specimen as shown in Figure 1.

The stress state near an actual crack tip is
always three-dimensional  and  can
significantly influence crack growth. Hutar
et al. (Hutar et al. 2010) show that, the stress
singularity exponent is not constant along
the crack front and the stress field around the
crack tip is usually based on stress intensity
factors. Garcia-Manrique et al. (Garcia-
Manrique et al. 2013) use Al 2024-T35
compact tension specimen under mode I
nominal loading to evaluate the SIFs
distribution along the thickness. They
concluded that, a smaller SIFs value is
present near the surface than in the interior
causing a smaller plastic zone than the
expected value with plane stress condition.
Kwon and Sun (Kwon and Sun, 2000)
concluded that, except for plates with very
large thicknesses, the 2-D SIFs is quite
different from the 3-D SIFs at the mid-plane.
Furthermore, the profile of stress intensity
along the thickness direction is still in
question. Kown and Sun (Kwon and Sun,
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2000) stated that, SIFs should drop to zero at
the plate free surface due to the weaker
singularity than square root, but this is
difficult to obtain by the finite element
method

Accurate stress analyses of these through-
cracks components are needed for reliable
prediction of their crack-growth and fracture
strengths. However, because of the
complexities of such problems, exact
solutions are not available. To the best
knowledge of the author, SIFs through the
thickness of edge crack in SCB and CCCD
specimens is still not fully studied.
Therefore, this paper concentrated on
computation the SIFs through the thickness
of CCCD and of SCB specimens for
different specimen thicknesses and mode of
mixities using 3D FEA.

2 FINITE ELEMENT ANALYSIS

Figure 1 shows the geometry and loading
condition of the CCCD and SCB specimens
used for mixed mode I/II fracture tests.

P

varies the state of crack deformation, giving
different combinations of modes I and II.
Similarly for the SCB specimen, by
changing the inclination angle 3 of the edge
crack of length a with respect to the applied
load P, various mode of mixities can be
achieved. For both specimen shapes, § = 0°
corresponds to pure mode I (opening mode)
loading. By increasing the loading angle
from zero, mode II is introduced.

To study the effect of mode of mixity and
the effect of specimen thickness, B, on
through-thickness stress intensity factor,
several CCCD and SCB specimens with
different crack angles were simulated. The
geometry and dimensions of the CCCD and
SCB specimens are listed in Table 1. For the
sake of comparison, the basic dimensions of
CCCD and SCB specimens R (specimen
radius), 2¢ or B (specimen thickness), and a
were considered to be the same for each two
corresponding specimen sizes (see Table 1).
SCB specimen is placed on two bottom
supports of distance 2S. Thus, the ratio of
a/R was equal to 0.3 and the ratio of S/R was

Figure 1. Geometry and loading conditions of CCCD and SCB specimens subjected to

mixed mode I/II loading

In the CCCD specimen, the orientation of
the centre crack of length 2a relative to the
applied load P is defined by the angle B and
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Me = 2arctan[K'] )

a i

Where K; and Kj; are mode I and mode 1I
stress intensity factors, respectively. In the
present analysis, the values of M° varied
through 1 (pure mode 1), 0.75, 0.5, 0.25 and
0 for pure mode II.

The general-purpose finite element
program ABAQUS was used (ABAQUS,
2002). A three-dimensional finite element
model has been developed to account for
geometric and material behavior of isotropic
material. In the present work the domain
integral method used to extract stress
intensity factors (SIFs). The domain integral
method has proven useful for both two and
three-dimensional crack problems. In the
domain integral method, a crack-tip contour
integral is expressed as an equivalent
domain/volume integral over a finite domain
surrounding the crack tip. A domain integral
method commonly used to extract stress
intensity factors (SIFs) (Nakamura, and
Parks 1989), (Nakamura, 1991), (Gosz, et al.
1998), (Gosz, and Moran, 2002). The finite
element meshes constructed with hexagonal
structural mesh, C3D8 (8-node linear brick)
elements, are used under Standard/static
analysis. Around from 32 planar layers are
divided through the thickness of the
specimen varying with the plate thickness.
Within each layer, the size of element
decreases gradually with distance from the
crack tip decreasing. The finite element

meshes in the neighborhood of the crack tip
are much denser. The values of mode I and II
stress intensity factor were traced over the
crack front of the specimen from the mid
plane of specimen where z = 0 to the
specimen surface where z = t. In the present
analysis, the mode I and mode II normalized
stress intensity factors are denoted as Y; and
Yy, respectively, and it can be deduced from
Ref. (Hutar et al. 2010), (Lim, et al. 1993)
the general formula for normalized stress
intensity factor Y;, which is defined as:

4RiK,

Y, = i=L1 for SCB
" Parz
specimen 2)
Y= 2R, \/E i=11 for CCCD
P a
specimen 3)
Where:

K;=mode I stress intensity factor
Kj;=mode II stress intensity factor
t = B/2 half specimen thickness
P =applied load
R = radius of specimen
a = crack length
The normalized mode / and mode I/ stress
intensity factors at the midpoint of the specimen (at z
= 0) are Yy, and Yy, respectively, and at surface
point of specimen (at z = ¢) are Yjg,yand Y,

Table 1 Specimen geometries and crack inclination angles in the tested CCCD and SCB

specimen
R 2t o
(mm)  (mm) &™) BC)
- M= M= M= = B
—B 1 0.75 0.5 025 M0
75 15 22.5 0 5 10.5 18 27
75 30 22.5 0 5 10.5 18 27
CCep 75 45 22.5 0 5 10.5 18 27
75 60 22.5 0 5 10.5 18 27
75 15 22.5 0 18.5 33 42.5 50
SCB 75 30 22.5 0 18.5 33 42.5 50
75 45 22.5 0 18.5 33 42.5 50
75 60 22.5 0 18.5 33 42.5 50
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3 RESULTS AND DISCUSSION

To verify the accuracy of the present
result for SIFs evaluation, the values of
various normalized mode I and mode II
stress intensity factors at the surface of
CCCD and SCB specimens (Z = t), for R =
75 mm, B = 7.5 mm, a/R = 0.3 and S/R =
0.43 are compared with the previous
numerical results using 2-D analysis found
in the literature, R = 50 mm, B = 5 mm, a/R
= 0.3 and S/R = 0.43, (Aliha et al. 2010),
(Ayatollahi and Aliha, 2007), as shown in
Figures 2 and 3. Figures 2 and 3 show a
good agreement between the present results
for normalized mode I and mode II stress
intensity factors and those obtained by Aliha
at el (Aliha et al. 2010), (Ayatollahi and
Aliha, 2007). The values of normalized
mode I and mode II stress intensity factors at
the mid plane (at z = 0) and at free surface (z
= ¢) of CCCD and SCB specimens are
tabulated in tables 2 and 3 respectively. The
value of Y, of CCCD specimen decreases
by increasing B/R, while, Yq,rincreases. The
value of Y, of SCB decreases by
increasing B/R. Y,y and Yy, of CCCD and

SCB specimens decrease by decreasing the
value of mixity parameter.

Figure 4 shows the variation of Y;
normalized by Yp.,p, Y/Vi, through the
crack front of CCCD and SCB specimens for
different M° and different B/R. For thin
specimen, i.e. B/R = 0.2, value of Y/Y,,
decreases gradually with increasing z/t up to
z/t equals about 0.8 then the rate of
decreasing change from gradually to sharply
decrease for both specimens and all mode of
mixities. For B/R > 0.2 the distribution of
Y/ Yy 1s not the same for both specimens. In
the case of CCCD specimen, the value of
Y/ Y1y increases gradually to its peak value
Yima, then decreases sharply up to the
specimen surface, i.e. bell shape.

It is worth to note that, SIFs at the
specimen surface should be equal zero, but it
is difficult to get it by using FEM as
mentioned by Kown and Sun (KWON, and
SUN, 2000). The site of peak value of the
Y/Yyy, is near the specimen surface. The
peak value of Y/Yj,, of CCCD specimen
increases by increasing B/R. This finding is
in agreement with Zhixue (Zhixue, 2006).

3
—&— CCCD present work
25 I ---<--- SCB present work
’ I ——— CCCDRef. (Aliha etal. 2010)
———-SCB Ref. (Aliha et al. 2010)
2 -

-
£ ==
3 r =
215 &

S CCCD specimen

0 0.2 0.4
mixity parameter, M¢

0.6 0.8 1

Figure 2. Comparison between the present normalized Y; at the free surface of the
specimen and those found in the literature using 2-D analysis (Aliha et al. 2010).
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—H&— CCCD present work
---¢---- SCB present work
—— CCCD Ref. (Aliha etal. 2010)
——— SCB Ref. (Aliha et al. 2010)

CCCD specimen

o

Figure 3. Comparison between the present normalized Y, at the free surface of the

0.4 0.6 0.8

mixity parameter, M¢

specimen and those found in the literature using 2-D analysis (Aliha et al. 2010)

Table 2 The values of normalized mode [ stress intensity factor Y at mid point (z/¢
= 0) and at surface (z/¢ = 1) for the CCCD and SCB specimens for different values

of M° and different specimen thickness ratios.

Specimen B/R M=1 M=075 M=05 M=025 M=0
02 Yimp 1.17474 1.12806 0.97819 0.62394 0
) Yisur 1.10662 1.05881 0.92223 0.58257 0
04 Yimp 1.15584 1.10799 0.96398 0.60951 0
CCCD Yisur 1.12696 1.07748 0.93850 0.58931 0
06 Yimp 1.13433 1.08638 0.95097 0.60126 0
) Yisur 1.14119 1.09197 0.96065 0.60402 0
0.8 Yimp 1.10684 1.06073 0.92154 0.57824 0
’ Yisur 1.18888 1.13710 0.99391 0.63199 0
02 Yimp 2.09601 1.65985 0.85306 0.32454 0
: Yisur 183337  1.42287  0.67280  0.17889 0
04 Yimp 2.10187 1.67603 0.87104 0.35329 0
SCB ) Yisur 1.77569 1.36208 0.60562 0.12369 0
06 Yimp 2.10794 1.65012 0.86398 0.33354 0
) Yiur 1.73930 1.29862 0.55021 0.07408 0
0.8 Yimp 2.07458 1.64056 0.82505 0.31634 0
) Yisur 1.71102 1.28638 0.51505 0.05856 0
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Table 3. The values of normalized mode II stress intensity factor ¥y at mid point (z/t =
0) and at surface (z/¢ = 1) for the CCCD and SCB specimens for different values of M°
and different specimen thickness ratios.

Specimen B/R M=1 M=075 M=05 M=025 M=0
02 Yitmp 0 0.4295 0.8890 1.4035 1.8699

) Yisur 0 0.4470 0.9262 1.4643 1.9630

04 Yitmp 0 0.4304 0.8826 1.4140 1.8711

. ' Yitsur 0 0.4463 0.9143 1.4656 1.9421
0.6 Yitmp 0 0.4268 0.8765 1.4049 1.8713

) Yisur 0 0.4529 0.9294 1.4916 1.9859

0.8 Yitmp 0 0.4250 0.8719 1.3979 1.8505

’ Yisur 0 0.4511 0.9242 1.4807 1.9594

02 Yiimp 0 0.6592 0.8604 0.7937 0.6118

) Yisur 0 0.6865 0.9090 0.8299 0.6318

04 Yiimp 0 0.6676 0.8601 0.7753 0.6131

SCB Yisur 0 0.7012 0.9055 0.8150 0.6446
06 Yiimp 0 0.6728 0.8611 0.7889 0.6164

) Yisur 0 0.7139 0.9191 0.8470 0.6686

08 Yiimp 0 0.6527 0.8578 0.7796 0.6142

: Yitsur 0 0.7051 0.9282 0.8502 0.6753
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Figure 4 The through-thickness distributions of the normalized mode I stress
intensity factor along crack front of (a) CCCD and (b) SCB specimens, for
different M° .
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Figure 5 The through-thickness distributions of the normalized mode II stress intensity
facto along crack front of (a) CCCD and (b) SCB specimens, for different M*
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However, in the case of SCB specimen the
shape of Y,/Y,,,~z/t curve is not affected by
B/R or mode of mixity, i.e. the peak value of
Yi/ Y1y 18 at the mid plane. This peak value of
Yi/ Y,y decreased by increasing B/R, i.e.
opposite trend of CCCD specimen with B/R
> ().2. Therefore it can be concluded that, the
shape of Y/Y},,—z/t curve is similar for all
mode of mixities and B/R for SCB specimen
and the peak value is found at the mid plane.
In the case of CCCD specimen, the shape of
Y/ Yimp—2/t curve depends on the specimen
thickness. For thin specimen (B/R= 0.2), the
shape is similar to that in SCB specimen,
while, the bell shape is found for B/R > 0.2
and the peak value is near the specimen
surface. In these cases, the normalized mode
I stress intensity factor is not only function
of a/R, as concluded by Aliha and Ayatollahi
(Ayatollahi, Aliha, 2008) but also function
of z/t.

Figure 5 depicted the through-thickness
variation of Y;/Yy,,, along the crack front of
CCCD and SCB specimens for different M*
and B/R. The normalized mode II SIF
through the crack front of SCB specimen has
the similar trend from it exited in CCCD
specimen as shown in the figure. For both
specimens, the variation of Y;/Yy,, through
the specimen thickness is small and not
exceed 10%. The maximum value of Y;; for
both specimens located at the specimen
surface.

4 CONCLUSIONS

The 3D FEA of mode I and mode II SIF
through the crack front in SCB and CCCD
specimens reveals the following
conclusions:
1- The normalized mode I stress intensity
factor (Y4/Yy,p) is not only function of
a/R, | but also function of z/z.
2- The shape of Y/Y,,~z/t curve is
similar for all mode of mixities and
B/R for SCB specimen and the peak
value is found at the mid plane.
3- In the case of CCCD specimen, the
shape of Y//Y,,,~z/t curve depends on
the specimen thickness. For thin

specimen (B/R= 0.2), the shape is
similar to that in SCB specimen,
while, the bell shape is found for B/R
> 0.2 and the peak value is near the
specimen surface.

4- For both specimens, the maximum
value of normalized mode II stress
intensity factor located at the
specimen surface.
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Comparison of Drillability and Abrasivity Properties of Rocks
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I. Cavusoglu

Giimiishane Universitesi, Maden Miihendisligi Béliimii, Giimiishane

OZET Delinebilirlik, bir delici matkabin kayag iginde ilerleme yapabilme oram olarak
tanimlanmaktadir. Asmma ise kazi sirasinda keskilerin kayaglar tarafindan koparilmasidir.
Farkli formasyonlarin sahip oldugu, farkli asindiricilik ve sertlik 6zellikleri mekanize kazi
sistemlerinde kazilabilirlik ve delinebilirligi 6nemli oranda etkilemektedir. Ciinkii asindiric
ve sert kayaglar, kisa zamanda keskilerin korelmesi nedeniyle ilerleme oranin diigmesine ve
kaz1 maliyetinin artmasina yol agmaktadir.

Bu calisma Hopa-Borgka (Artvin) Cankurtaran Karayolu Tiinelinde gerceklestirilmistir.
Laboratuvar ¢aligmalar1 i¢in Cankurtaran tiinelinde farkli kaya¢ formasyonlarindan drnekler
almmistir. Uygun boyutlarda ve miktarda deney oOrnekleri hazirlanmigtir. Kayaglarin
delinebilirlik 6zelligini belirlemek ic¢in kirilganlik ve Sievers minyatiir delme deneyleri
gerceklestirilmistir. Kayaclarin asindiricilik 6zelligini belirlemek igin Cerchar Asinma Indeksi
(CAI), Norve¢ Asinma deneyi (AV), Bohme asinma Deneyleri gerceklestirilmistir. Ayrica
kayaclarin mekanik 6zelligi belirlemek i¢in tek eksenli basing dayanimi, nokta yiik dayanimi
ve Brazilian dolayli gekme dayanimi deneyleri gergeklestirilmistir.

ABSTRACT Dirillability is defined as the penetration rate of a drill bit into the rock. Abrasion
is broken off by the tools during the excavation of rocks. Different types of rock formations
have different abrasiveness and hardness properties and that is significantly affected
excavatability and drillability in the mechanical excavation systems. Because, abrasive rocks
and hard rocks lead to an increase of the cost excavation, decrease of the penetration rate and
atrophy of the cutter in a short time.

This study was carried out in Hopa-Borcka (Artvin) Cankurtaran Highway Tunnel. Rock
samples were obtained from Cankurtaran Tunnel at the changing rock formations for the
laboratory studies. The test samples were prepared at the appropriate size and quantity.
Sievers J-miniature drill test (SJ) and the brittleness tests were carried out and for the drilling
rate index values were calculated. Cerchar Abrasivity Index (CAI), Norway Abrasion Value
(AV) and Bohme abrasion tests were carried out and for abrasiveness of rock properties.
Uniaxial compressive strength, point load strength and Brazilian tensile strength tests were
determined for the calculations mechanical properties of rock.

1 GIiRiS degisik metotlar uygulannustir. Ulkemizde
Gecmigten  giiniimiize  yeralinda  ve  Ozellikle son yillarda teknolojinin gelisimiyle
yerlistinde  yapilan  kazilarda, gerek birlikte mekanize kazi yontemleri tiinel
madencilik alaninda gerekse ingaat alaninda metro, ve madencilik sektoriinde yaygin
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olarak kullanilmaya baslanmistir. Bunlarin
yaninda su tiinelleri, demiryolu tiinelleri,
karayolu tiinelleri, siginak ve depolama
projelerinde de mekanize kazi yontemleri
yaygin olarak kullanilmaya baglanmistir.

Dogu Karadeniz  Bolgesinde HES
(Hidroelektrik Santrali) projeleri kapsaminda
yapilan su tiinelleri, arazi sartlar1 nedeniyle
sahil yolu yapiminda agilan tiineller ve i¢
kesimlerdeki agir hava sartlarina bagl olarak
imal edilen tiinellerin sayis1 her gecen giin
artmaktadir. Dogu Karadeniz Bolgesindeki
bu tiinellerin kazi ¢alismalarinda genellikle
delme patlatma yontemi kullanilmaktadir.
Delme patlatma yonteminde jumbo delici
makinalar1 kullanilmaktadir.

Bu yontemde Onemli olan kriterlerin
basinda, deliklerin hizli ve ekonomik olarak
delinmesi gelmektedir ki bu da isletme
maliyeti agisindan biiylik 6nem tagimaktadir.

Isletmenin bu kriterleri saglamasi igin
delinecek kayacin fiziksel-mekanik
ozellikleri, mineralojik ve petrografik

yapisinin yaninda, kayacin delinebilirligi ve

kazilabilirlik  6zelliklerinin  de  bilmesi
gerekmektedir.
2 KAYACLARIN  DELINEBILIiRLIiK

VE ASINDIRICILIK OZELLIiGi

Kayacin delinebilirligi; bir delici matkabin
kayag icinde ilerleme yapabilme orani olarak
tanimlanmaktadir (Tamrock, 1987). Bir
baska ifadeyle delinebilirlik; makinanin belli
giic harcayarak donerli veya darbeli olarak
delici uglarin kayag¢ i¢inde makinanin tipine,
hizina, kuvvetine ve kayacin sertligine bagh
olarak belirli bir siire i¢inde kayaci delerek
ilerlemesidir.

Asinma, kazi esnasinda  keskilerin
kayaglar tarafindan koparilmasidir. Yiiksek
agindirict  Ozelligine sahip kayaglar, kisa
zamanda keskilerin korelmesine neden
olabilmektedir. Bu durum, bir yandan keski
tiketimini artirmakta, diger yandan kazi
verimini diislirmekte ve dolayisi ile kazi
maliyetinin artmasina yol agmaktadir.

Delinebilirlik ve Asindiricai

Etkileven Faktotler

1 1

Makine tipi ve

e Delme Islemi

Asindiricihk

Jeolojik Yam

m Makine tipi rE— IE?m,'a. [;p:_ _ . [ ] }.;esme derinligi
W Diiine iz L ® Fayacn fiziko mekanik m Kesme hizi
lBasb;- Vi dare ™ Kazi iglemi zelligi | Eayacin dayanim
mik[an! ! mDelme etodlan | |mMineeal kompozisyonu e sertlig
B Kesici kafa guct ® Operatin B Asimdine mmeral icengi W Keskilerin harcket
2 s e F sekli
L k 4 B Sureksizhikler
m Feskl .t=p1‘1.10_\u1u mNct delme S o -
W Bt tipiboyutu AT . ufalamma
m Siirekl bakun- mDelik boyutian | [ 2H2klr B Keski alitesi
raglama 5 W dokusal dzellikler
B {imentolanma dereces:

Sekil 1. Delinebilirlik ve agindiricigr etkileyen faktorler (Kahraman, 1999; Thuro vd, 2002)

Delinebilirlik tahmininde dogru ekipmanin
secilmesi  biiyilk Onem kazanmaktadir.
Delmede kullanilacak makinenin tipi, basma
giicli, matkabin darbesi ve donme hizi, keski
ve bitlerin tipi ve makinenin diizenli bakimi
delinebilirlik icin ¢ok Oonemlidir.
Delinebilirligi ve aginmayi etkileyen pek ¢cok
faktdr vardir, ancak bunlarin ¢ogu ampirik
yaklagimlara dayanmasina ragmen temel de
i¢ faktdor vardir. Bunlar; makine tipi ve
ekipman delme islemi ve jeolojik yapiya
baghh faktorlerdir. Bu faktorler kontrol
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edilebilen ~ ve  edilemeyenler  olarak
siniflandirilabilir. Makine tipi, ekipman ve
delme islemi kontrol edilebilir
parametrelerdir. Ancak jeolojik o6zelliklere
bagli parametreler arazi yapisiyla ilgili
oldugundan kontrol edilemeyen
parametrelerdir (Sek. 1). (Tamrock, 1987),
(Thuro and Spaun, 1996), (Thuro, 1997a),
(Thuro,  1997b), (Kahraman, 1999),
(Plinninger, vd., 2002). Bu faktorler disinda
delinebilirligi ve asindiriciligr  etkileyen
bagka faktorlerde vardir. Baslica faktorler
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olarak Mohs sertligi, kaya dokusu ve yapist,
porozite, yogunluk, sertlik, P-dalga hizi,
elastisite ve plastisite, tek eksenli basing
dayanimi, nokta yiik indeksi ve Schmidt
degeri, cekme dayanimi, Cerhar aginma
indeksi, delinebilirlik indeksi, Norveg asinma
indeksi, Schimazek asinma indeksi ve koni
delici degeri sayilabilir (Jimeno, vd, 1995),
(Ersoy ve Waller, 1995), (Osanloo, 1998),
(Kahraman, vd., 2000), (Kahraman, vd.,
2003), (Alber, 2008), (Hoseinie, vd., 2008)
(Dahl, vd., 2012).

3 YAPILAN CALISMALAR
3.1 Cahisma Alam

Calisma alani, Dogu Karadeniz Bolgesi ile
Dogu  Anadolu  Bolgesini  birbirine
baglayacak olan Hopa-Bor¢ka Cankurtaran
Tinelidir. Hopa-Bor¢ka karayolu tiineli
7+980-13+208 km’leri arasinda ¢ift tiip
olarak insa edilmektedir Yapimi
tamamlamasiyla birlikte 5 bin 288 metre
uzunlugu ile Tiirkiye’nin en uzun tiineli olma
ozelligini tasiyacaktir (Sekil 2). Cankurtaran
tiinel hatti boyunca 4 adet litolojik birim

gecilmektedir. Bunlar Subasi Sirt1
Formasyonu, Cankurtaran Formasyonu,
Senkaya Sirti Formasyonu ve Kabakdy
Formasyondur.

Sekil 2. Caligma alanina ait yer bulduru
haritas1 (Kaya, 2012)

Subasi Sirti Formasyonuna ait volkano-
tortul kayaglar bu litolojik birimden olusur.
Cankurtaran formasyonuna ait marn ara
katkili kirectaglar1 bu litolojik birimimde
olusur. Senkaya Sirtt Formasyonunda yer
yer kil tast ara katkih marnlardan
olusmaktadir. Son olarak tiinelin ¢ikis
bolimiinde yer alan Kabakdy Formasyonu
bazaltlardan olusan bir litolojik birimden
olugmaktadir (Sekil 3).

Sekil 3. Cankurtaran tiinelinin jeolojik haritas1 (Kaya, 2012)
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3.2 Materyal ve Metot

Laboratuarda  yapilacak deneyler igin
ornekler, iki tiipten olusan Hopa-Borgka
Cankurtaran tlinelinin hem giris hem de ¢ikis
tiiplerinden belli araliklarla ve degisen kayag
formasyonlarinda saglam, catlaksiz
siireksizlik icermemesine dikkat edilen kaya
bloklarindan alinmigtir. Alinan bu bloklardan
deney standartlarina goére uygun boyutta ve
miktarda karot numunesi hazirlanmstir.
Hazirlanan karotlar iizerinde delinebilirlik
deneyleri, agmmma deneyleri, dayamim ve
cekme deneyleri gerceklestirilmistir.
Delinebilirlik ve asinma deneylerinin bir
kismi  Biilent  Ecevit  Universitesi
(Zonguldak) Maden Miihendisligi Boliimii
Maden Mekanizasyonu Laboratuvari’nda
gergeklestirilmistir. Dayanim deneyleri ve
Bohme asinma deneyi Karadeniz Teknik
Universitesi Maden Miihendisligi Boliimii
Laboratuvari’nda gergeklestirilmistir.

3.2.1 Delinebilirlik Deneyleri

Delinebilirlik deneyi i¢in (DRI) iki temel
deney gergeklestirilmistir. Kirillganlik deneyi
(brittleness test), S,, ve Sievers minyatiir
delme deneyi (Sievers miniature drill-test
value), SJ dir.

Kirilganlik deneyi (brittleness test), S,
Darbe sonucu kayacin kirilmaya karst
gosterdigi  direncin  dolaylt  dlglilmesini
belirleyen bir deney yontemidir (Yaralt ve
Kahraman, 2011). Deney diizenegi Sekil
4‘de gosterilmistir.

Sievers Minyatiir delme testi; kayacin
yiizey sertliginin veya delmeye karsi
direncinin  dl¢iilmesinde kullanilmaktadir.
Sievers minyatiir deney diizenegi Sekil 5°de
gosterilmistir Deney 30 mm boyunda ve 54
mm c¢apmda kaya¢c numuneleri {izerinde
gergeklestirilmigtir.

662

ik b

1 | 1
|i Doart wjad gy
rwt b 6 ]
Lofirmn
'_'I"'\._—"' Tafmal :-;. ':."::
T P ki
ﬁ Fi: Eriricivk ELE. .}
gt
" |
[ K
R =t
el i S
R, |@| T
o — Pk el o '\-".:'rln:‘ Ml | L ek
S0l o g U i 'ﬁﬂ

Sekil 4. Kirilganlik deney diizenegi (Dahl vd,
2012)
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Sekil 5. Sievers minyatiir delme deney
diizenegi (Dahl vd., 2012)

3.2.2 Asindwricilik Deneyleri

Kayaglarin asindiricilik ozelliklerinin
belirlenmesi i¢in gergeklestirilecek deneyler;
Cerchar Aginma indeksi (CAI), Norveg
asinma deneyi (AV) ve Bohme asinma

deneyi
Cerchar Aginma indeksi (CAI), deney
yontemi  keski asinimi, keski degisim

maliyeti ve kaya¢ dayanimi gibi 6nemli
parametreleri dogru tahmin edilmesinden ve
kaya¢ asmimimi belirlenmesinde yaygin
kullanilan bir deney yontemidir. Deneyde
Rockwell  sertligi  54/56 olan  uglar
kullanilmis ve deneyler West (1986)’ya gore
yapilmigtir. Deney 30 mm boyunda, 54 mm
capinda ornekler iizerinde
gerceklestirilmistir. Uglarda olusan asinma
25X biyiitmeli mikroskop yardimiyla iisten
ve yandan Olgilmiistiir. Kayaglara ait
Cerchar asmmma indeks degeri 5 ¢izimin
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aritmetik ortalamasi alinarak bulunmustur.
Deney aleti ve asinma sonrasi aginan deney

numuneleri Sekil 6’da verilmistir.

-
=)

Sekil 6. Cerchar asinma aleti ve deney sonrasi u¢ gorinimi

Norveg aginma deneyi (AV), Deney 6zellikle
1980’1i yillarin ilk yarisindan itibaren klasik
delme patlatma yontemiyle ve tam cepheli
tinel agma makinalarinda (TBM) keski
tiikketiminin ve performanslarmin &nceden

belirlenmesinde kullanilmaktadir
(Johannessen 1998). Norveg Asinma
diizenegi ve deney aleti Sekil 7’de
gosterilmistir

Bohme asinma deneyi, siirtiinmeden

kaynaklanan asmma kayiplari, genellikle
karbonatli kayaglarda yiiksek, mineral igerigi
ve igerdigi minerallerin 6zellikleri nedeniyle
magmatik kokenli kayaclarda ise diistiktiir.
Siirtinme ile aginma kaybinin belirlenmesi
her kayac tiiriinde 7 cm boyutunda ddrder
adet  karot numunesi  kullanilmistir.
Numunelerin alt ve {ist yiizeylerinin birbirine
paralel  olmasina  dikkat  edilmistir.
Deneylerde asindirici  malzeme  olarak
zimpara tozu kullanilmistir.

Sekil 7. Norveg asinma aleti deney diizenegi
(Dahl vd, 2012)

Bohme asinma deneyi, siirtiinmeden
kaynaklanan asmma kayiplari, genellikle

karbonatli kayaglarda yiiksek, mineral igerigi
ve igerdigi minerallerin 6zellikleri nedeniyle
magmatik kokenli kayacglarda ise diistiktiir.
Stirtlinme ile aginma kaybinin belirlenmesi
her kayag tiiriinde 7 cm boyutunda dorder
adet  karot numunesi  kullanilmistir.
Numunelerin alt ve iist yiizeylerinin birbirine
paralel  olmasina  dikkat  edilmistir.
Deneylerde asindirici  malzeme  olarak
zimpara tozu kullanilmistir.

3.2.3 Mekanik Deneyler

Laboratuarda kayaglarin mekanik
ozelliklerini incelemek i¢in Cankurtaran
Tilineli'nden  alman  bloklardan  NX
boyutunda (54 mm ¢apinda) karot alinmustir.
Hazirlanan  karot  ornekler  iizerinde
kayaglarin mekanik o6zellikleri belirlemek
icin. Tek eksenli basing dayanimi, dolayli
¢ekme dayanimi ve nokta yiikk dayanim
deneyleri gerceklestirmistir.

Tek eksenli basing dayanimi, kayacin
dayanimimin delinebilirlik, u¢ tiiketimi ve
asindiricilik  deneyleri  ile  arasindaki
iligkilerini arastirtlmasinda kullanilmaktadir
(Plinninger vd., 2004). Tek eksenli basing
dayanimi deneyi i¢in boy/cap orani 2.0 - 2.5
olacak sekilde ornekler hazirlanmistir. Her

kaya numunesi i¢in en az 5 Ornek
hazirlanmistir (ISRM 1981).

Dolayli ¢ekme dayanimi  deneyinin
yapilmasindaki amag¢ kaya¢ oOrneklerinin
capsal yiikleme altinda ¢ekilme
dayanimlarinin  dolayli yoldan tayinidir.

Kayacin dolayli ¢ekme dayanimi deneyi
ISRM (1981)’e gore yapilmistir. Deneyler,
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her kaya¢ Ornegi igin kalinlig1 yarigapiyla
esit olan (2,7 cm) boyunda yaklagik 10’ar
adet ornek tizerinde gerceklestirilmistir.
Nokta yiik dayanimi, kayaglarin dolaylt
basmng dayanimlarini  bulmak amaciyla
yaygin olarak kullanilmaktadir. Nokta yiik
dayanim deneyi (Isis0) ISRM (1985)'e gore
yapilmigtir. Deney eksenel olarak, boy/ ¢ap
oran1 0,3-1 arasinda olacak sekilde yaklasik
10’ar adet 6rnek tlizerinde gergeklestirmistir.

4 LABORATUAR CALISMALARI

4.1 Delme Hizx
Degerlendirilmesi

indeksinin

Delme hiz1 indeksi Sekil 8’de verilen grafik
yardimiyla bulunur. Grafigin  altindaki
kirtlganlik (Sy) degeri ile Sievers minyatiir
delme (SJ) deneyinden elde edilen sonuglarla
DRI degeri bulunur. Laboratuvarda
gerceklestirilen kirilganlik (S,0) ve Sievers
minyatiir delme (SJ) deney sonuglar1 Cizelge
I’de verilmistir. Bulunan sonuglar Cizelge
2’de verilen DRI kayag siniflandirilmasi gore

smiflandirilmistir.  Sievers minyatiir delme
deneyinde kullanilan deney oOrnekleri Sekil
9’da verilmistir.
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Sekil 8. Delme hizi indeksi belirleme
diyagrami (Dahl 2003)

Cizelge 1. Delme orani indeks deney sonuglar ve siniflandirilmast

Can K K Sa0o
No anTﬁ:;?ran taz?x Son SJ, Smift ((2%)“ Sy, Smifi DRI DRI, Sinifi
1 Sag ¢ikig Andezit 50,00 + 0,05 Orta 35,15 Disik 43 Cok diisiik
2 Sag ¢ikig Marn 82,70 +2,96 Yiiksek 55,93 Orta 66 Yiiksek
30 Saggins DM 140004169  Oldukeayiksek 4347  Ora 64 Yiksek
4 Sol ¢ikig Kumtagt 73,40+ 0,38 Yiiksek 34,44  Disik 44 Disiik-orta
.. . .. .. Cok
5 Sol girig Kiregtast 113,60+ 1,89  Oldukea Yiksek 56,58  Yiiksek 71 yitksck
Cizelge 2. DRI, SJ ve Sy deneylerinin siniflamasi (Dahl 2003)
Simif DRI simiflamasi (SJ) siniflamasi (' Sz0) simiflamasi
Oldukea diisiik <25 <2 <30
Cok diisiik 26-32 2-3 31-34
Diisiik 33-42 4-6 35-41
Orta 43-57 7-18 42-50
Yiiksek 58-69 19-55 51-59
Cok yiiksek 70-82 56-86 52-67
Oldukga yiiksek >83 >86 >67
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Sekil 9. Sievers minyatiir delme deneyinde
kullanilan deney 6rnekleri

4.2 Kayaclari Asindiricihk Ozellikleri

Kayaglarimin asindiricilik ozelligini
belirlemek icin  gerceklestirilen deney
sonuglar1 Cizelge 3’de gosterilmistir. Cizelge
3’1 inceledigimizde en fazla Cerchar asinma
indeksi 2,16 degerinde sag ¢ikis tiipten
alman andezit Orneginde goriilmektedir.
Andezit Ornegine ait Cerchar asinma
uclarmin isten ve yandan 6l¢iim sonuglari
Sekil 10’da verilmistir. Ayrica asindiricilik
deneyi igin gergeklestirilen diger asinma
Bohme asinma deneyidir. Bu asinma deneyi
stirtlinmeden kaynaklanan aginma kayiplarini
vermektedir. Kalinlik ve agirlik kaybina gore
gergeklestirilen Bohme asinma  deney
sonuglar1 Cizelge 4’de verilmistir.

Cizelge 3. Cerchar aginma indeks ve Norveg asinma indeksi deney sonuglar1 ve asindiricilik

siniflamasi
No  Can Kurtaran Kayag tanimi CAlyy CAI sinifi AV oy AV simifi
Tiineli

1 Sag ¢ikis Andezit 2,16+0,73 Asindiric1 Cok asindirict 1 Cok diisiik

2 Sag cikis Marn 0,70+0,13 Hafif agindirict - -

3 Sag giris Bazaltik-andezit  1,87+0,54 Asindiric 0,5  Oldukga diisiik
4 Sol ¢ikis Kumtagt 2,01+0,16 Asindirict 1 Cok diisiik

5 Sol girig Kiregtast 0,54+0,18 Hafif agindirict 0,5  Oldukea diisiik

Usten

Yandan

Sekil 10. Andezit 6rnegine ait Cerchar aginma uglarinin iisten ve yandan dl¢iilmesi

Cizelge 4. Bohme asindirma deney sonuglari

No Can Kurtaran Kayag tanmi Agirlik ka}zlbl Kalmlik ka};bl
Tiineli (gr/23cm”) (cm/23 cm”)
1 |Sag ¢ikis Andezit 11,7 1,9
2 |Sag cikis Marn 18,8 3,0
3 . Bazaltik-
Sag giris andezit 14,5 2,4
4 |Sol ¢ikis Kumtasgi 17,0 2,7
5 |Sol girig Kiregtasi 16,7 2,8
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4.3 Kayaclarin Mekanik Ozellikleri

Kayacglar iizerinde gerceklestirilen tek
eksenli basing dayanim sonuglar1 ve Deere
ve Miller (1966) gore kaya dayanimin
smiflandirmasi Cizelge 5’de verilmistir.

Nokta yiik dayanimi deney sonuglari ve

Bieniawski  (1975) gbére nokta yik
dayanimim smiflandirmasi  Cizelge 6°da
verilmistir. Dolayli ¢ekme dayanimi ait

deney sonuglar Cizelge 7’de gosterilmistir.

Cizelge 5. Tek eksenli basing dayanimi deney sonuglar ve kaya simiflandirilmasi

Can - Dogal Tane Birim hacim Tek eksenli
Kayag Ornek | Cap Boy . - -
No| Kurtaran tammi sayist | (mm) | (mm) agirhigy hacmi agirhk basing dayanimi | Kaya sinifi
Tiineli Y (gr) (cm®) (gr/em?) 6. (MPa)
< . Yiiksek
1| Saggkis | Andezit 5 53,8 | 109,0 | 661,5 248,0 2,7 1634
dayanimli
2 | Sagcikis Marn 6 543 | 1202 | 7362 277,9 2,6 19,3 (d;"k disiik
ayanimli
o Bazaltik- Diisiik
3| Saggiris | 7 53,5 | 1094 | 663,0 246,0 2,7 374 dayanml:
4 | Solgkis | Kumtast 5 544 | 1179 | 7410 274,1 2,7 101,0 Yiiksek
dayanimli
5 | Solgiris | Kirectast 5 536 | 1129 | 6703 2542 2,6 29,9 dD“wk
ayanimli
Cizelge 6. Nokta yiikleme deneyi sonuglari ve kaya siiflandirilmasi
No |Can Kurtaran Tiineli | Kayag tanimi Ornek sayis1 | Cap (mm) | Boy (mm) 5[(1321) Kaya sinifi
1 Sag cikis 2 Andezit 7 53,7 38,8 8,9 Cok yiiksek dayanim
2 Sag ¢ikis 4 Marn 9 54,1 43,7 1,8 Diisiik dayanim
3 Sag giris 5 Bazaltik-andezit 10 53,6 33,6 2,0 Orta dayanim
4 Sol ¢ikis 1 Kumtas1 8 54,3 35,7 5,2 Yiiksek dayanim
5 Sol giris 5 Kiregtasi 10 53,5 36,6 2,5 Orta dayanim
Cizelge 7. Dolayll ¢ekme dayammi  agindincihk  ve mekanik  deneyleri
(Brazilian) deney sonuglart gergeklestirilmis. Elde edilen agindiricilik ve
mekanik deney sonuglart delme orani indeksi
Can K Ormnek B Cekme .. . . .
No | Kurtaran tazi:i Samf;l (gfllz) (m(z) dayammi | verileri ile basit regresyon analizleri kurarak
Tiineli Y ot(MPa) | istatiksel olarak degerlendirilmistir.
L | Sagetas | Andezit | 10 | 539 | 299 | 17.5 Kayaglarin mekanik 6zelliklerinden olan
2 | Sag ¢ikig Marn 8 54,1 | 31,2 7,5 k ek li Kk ik
T Bazaltik- tek eksenli basing dayanimi, nokta yii
3| Sageins | gesie | 13 |3 296 ] 81 dayanim, dolayli ¢ekme dayanmimi ve
4 | Solgikis | Kumtast | 7 | 54,3 | 30,5 13.7 Cerchar aginma indeksi degerlerinin DRI ile
> | Solgiris | Kiregtast | 6 | 53,5 | 28:4 | 54 iligkilerine bakildiginda yiiksek
korelasyonun oldugu gorilmiistir. Bu

5 VERILERIN DEGERLENDIRILMESI

Calisma kapsaminda Cankurtaran Tiinelinde
alman kayaglar iizerinde delinebilirlik,
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iligkiler Sekil 11 ve Sekil 12°de sirasiyla
gosterilmigtir.
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Sekil 11.Tek eksenli basing dayanimu ile nokta yiik dayanim sonuglarinin DRI ile iligkisi

80 y=26077x + 85,007
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= 40
20
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. \
Z 40 .
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0 03 1 1.5
CAIL

(]
(=]
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Sekil 12. Cekme dayanimi ile CAI sonuglarinin DRI ile iligkisi

DRI ile bu parametreler arasinda yiiksek
korelasyonlu ters bir lineer iligkinin oldugu
goriilmiistiir. Diger bir ifadeyle kayaclarin
mekanik ve asmdiricilik  6zelliklerinin
artmasi delme hizt indeksinin azalmasina
neden olmaktadir

Ayrica kayaglarin  diger asindiricilik
Ozelliklerinden olan Béhme asinma indeksi
degerlerinin DRI ile iligkilerine bakildiginda

yiksek korelasyonun oldugu goriilmiistiir
(Sek 13). DRI ile bu parametreler arasinda
anlamlilik diizeyi yiiksek korelasyonlu bir
lineer iliskinin oldugu goriilmiistiir. Diger bir
ifadeyle agirlik ve hacim bakiminda aginma
kayiplarinin artmasi kayagclar tizerinde delme
orani indeksinin arttigin1 gdstermektedir.
Delme orani indeksi yiiksek oldugu igin
agirlik ve hacim kaybi yiiksek olur.

80 -
70 'y=24,80:y’
80 =093
50 -
Z 40 - *
" 30
20
10 -
0 . . . :
1.0 1.5 2.0 2.3 3.0
Kalmlik kaybi (em23 em?y)

80 o een
70 | y= 5._5(16_.-}; :45._545 *
R*=079
60
50 4
Z 40 - * +
30 A
20 A
10 A
] T T T |
10.0 12.0 14.0 16.0 18.0
Agullk kaybi (20/23cm?)

Sekil 13. Bohme aginma dayaniminin kalinlik ve agirlik kaybinin DRI arasindaki iligki

6 SONUCLAR

Calisma alan1  yapimmi tamamlanmasiyla
5.288m uzunlugu ile Tiirkiye’nin en uzun

karayolu tiineli 0Ozelligini tagiyacak olan
Hopa-Borgka Cankurtaran Tiineli’dir. Cift
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tiip olarak insa edilmekte olan tiinelin giris
ve ¢ikisinda farkli kaya¢ formasyonlarindan
alinan 6rnekler lizerinde gergeklestirilmistir.
Cankurtaran Tiineli’nden alinan andezit,
bazaltik andezit, marn, kirectag1 ve kumtagi
kayaglar tizerinde delinebilirlik, agindiricilik
ve mekanik deneyler gerceklestirilmistir.
Delme orani indeksi ile tek eksenli basing

dayanimi, nokta yik dayanimi, dolayl
¢ekme dayanimi ve CAI degerleri ile
arasindaki iligkileri inceledigimizde

kayacglarin dayanim ve asinma degerleri
arttikca delmeye kars1 gosterdikleri direng
artmaktadir. Ayrica Bohme asinma indeksi
degerleri arasinda iliskiyi inceledigimizde
kayag asinimi artik¢a delme orani indeksinin
artigim gostermektedir.

Sonu¢ olarak, laboratuvar ve arazi
¢alismalar1 sonucunda elde edilen veriler,
aragtirmalar, analizler ve deneyimler
degerlendirildiginde kayaglarin mekanik ve
aginma Ozellikleri DRI degerleri arasinda
belirgin bir iligkinin oldugu ortaya ¢ikmustir.
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Experimental and Statistical Investigation on Noise Level of

Diamond Sawblades in Granitic Rock Sawing

I. Karakurt, G. Aydin, K. Aydiner

Karadeniz Technical University, Department of Mining Engineering, Trabzon-Turkey

ABSTRACT This paper presents an experimental and statistical study on noise level
generated during of rock sawing by circular diamond sawblades. Influences of the operating
variables on the noise level were investigated. Statistical analyses were then employed and
models were built for the prediction of noise levels depending on the operating variables. The
derived models are validated through some statistical tests. It was determined that increasing
of peripheral speed, traverse speed and cutting depth result in an increase in noise levels. On
the other hand; a decreasing trend for noise levels is initially observed with the increasing of
flow rate of cooling fluid. It was concluded that the peripheral and traverse speed are the

significant operating variables affecting the noise level.

1 INTRODUCTION

Circular diamond sawblades are one of the
most used cutting tools that have been
widely used in sawing of natural stones
throughout the world (Atici and Ersoy, 2009;
Rojek et al., 2011). Sawing performance and
life of a circular sawblade are affected by
many factors including diamond and matrix
properties, operating variables, sawing
modes (up-cutting, down-cutting), physico-
mechanical and mineralogical properties of
the rock to be cut, condition of the sawing
machine and the skills of the operator (Fener
et al., 2007; Buyuksagis, 2007). Basically,
the parameters affecting the performance and
life of the sawblades indicate the complexity
of these tools. In spite of the complexity of
the system, a considerable amount of work
has been conducted and published by many
researchers in the relevant literature to
understand the cutting tool itself and
mechanism behind the phenomena. In recent
years, due to the importance in cost
estimation and planning of the plants, the
prediction of the cutting performance of
circular diamond sawblades in sawing of
natural stones has been the subject of
considerable research. Kahraman et al.

(2004), Ersoy and Atic1 (2004), Buyuksagis
(2007), Yilmaz et al. (2011), Yurdakul and
Akdas (2012), and Ataei et al. (2012) are
among the known attempts studying the
prediction of cutting performance of circular
diamond sawblades in sawing of rocks.
Noise is an effect arising in the rock
cutting process as well as in other industries
where machining and/or processing of
materials is conducted. High noise levels not
only affect the workers’ life, but also
contribute rather serious problems to the
working environment. Additionally, noise
level may be a good indicator for tool
performance against the cutting. Therefore,
alternative designs aiming at minimizing the
noise generated during the sawing of rocks
have recently gained attention. Furthermore,
from the relevant literature, it can be clearly
concluded that although there are many
studies focusing on the investigation of the
sawing performance and life of a circular
sawblade including the prediction studies,
almost none of them has investigated the
influences of the operating variables on the
noise level generated during the sawing of
rocks. Therefore, the lack of investigation on
the noise level has attracted the authors to
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conduct the current study. Effects of the
operating variables on the noise level were
investigated. Predictive models were then
developed by SPSS regression analysis to
estimate the noise level from the operating
variables. Contribution of each operating
variable on the noise level was also
determined. Finally, the derived models were
validated through some statistical tests.

2 MATERIAL AND METHOD

Three granitic rocks having different
percentages of minerals and grain size
distributions were selected from a stone
processing plant. The selected rocks are
known Giallo Fiorito, Nero Zimbabwe and
Star Galaxy as commercial names. The
granite samples have a length of 30 cm and
10 em x 3 cm section. Some physico-
mechanical properties of the selected
granites are given in Table 1. It may be
important to note that in practice, there are
serious difficulties of preparing and testing
hard rocks including granites for their
mechanical properties such as uniaxial
compressive and bending strength. For these
reasons, the uniaxial compressive and
flexural strengths of the tested rocks were
provided by the stone processing company
where the selected rocks were provided.
Density (kN/m’), water absorption by
volume (%), porosity (%), ultrasonic
velocity (m/s), Schmidt hammer hardness,
shore hardness were determined according to
related ISRM (1981) suggested methods.

The microhardnesses of samples were
measured by a Vickers Microhardness meter.
In the microhardness measurements, it was
observed that it is difficult to identify
indention diagonal of various hard brittle
minerals due to the fractures around the
indentation, thus a load of 100 g was chosen
as recommended by Xie and Tamaki (2007).
An average of 3-5 points was quoted as a
value of microhardness of a mineral forming
the rock. Then, the microhardness value of
the mineral was multiplied with the
proportion of the mineral forming the rock.
The same procedure was followed for other
minerals and finally, the microhardness of
each rock was determined as a total of these
calculations. Similar procedure was applied
for the determination of Mohs' hardness of
each rock sample.

For Cerchar abrasiveness index testing, a
pointed steel pin which has 610+5 Vickers
hardness, 200 kg/mrn2 tensile strength, and a
cone angle of 90° was applied to the surface
of the rock samples for approximately one
second under a static load of 68.646 N to
scratch a 10 mm long groove. This
procedure was repeated five times in various
directions using a fresh pin for each
repetition. The abrasiveness of the rock was
determined by the resultant wear flat
generated at the point of the stylus, which
was measured in 0.1 mm units under a
microscope. The unit of abrasiveness was
defined as a wear flat of 0.1 mm which is
equal to 1 Cerchar abrasivity index, ranging
from 0 to 6 (Valantin 1974; Yarali and
Kahraman 2011).

Table 1. Mechanical and intact properties of rocks used in the sawing tests

. Giallo Nero
Rock Properties Fiorito Zimbabwe Star Galaxy

Uniaxial strength (MPa) 167.65 242.6 201.47
Density (kN/m’) 26.60 30.30 28.40
Bending strength (MPa) 22.06 24.02 19.61
Water absorption by volume (%) 0.28 0.14 0.10
Porosity (%) 0.80 0.30 1.00
Ultrasonic Velocity (m/s) 3917 6054 6863
Cerchar abrasion Index 4.166 3.412 4.29
Schmidt hammer hardness 48 64 65
Microhardness (HV) 543.47 501.84 463.18
Shore hardness 73.55 71.9 60.8
Mohs hardness 5.7 6.2 5.8
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Sawing experiments were conducted on a
fully-instrumented cutting machine (see Fig.
1). The diamond sawblade used in the tests
was of 40 cm diameter, having 28
impregnated diamond segments

(circumferential length 40 mm, width 3.5
mm and height 10 mm). The diamonds were
sized at 40/50 US mesh with a concentration
of 30 which is recommended for the sawing
of hard materials.

..... Ry

Figu}e 1. Experimental set;up

Disc movements forward-backward in the
horizontal plane and up-down in the vertical
plane were driven with two 0.75 kW ac
motors, while the turn of the disc were
driven with 4 kW ac motor. Moreover, 0.75
kW ac motor was used to move the wagon in
the cutting line. Vertical, horizontal, axial
forces were measured using sensors, load
cells, transducers and an encoder in the
monitoring system. All movements of the
cutting machine were controlled by a
computer.

preliminary cutting tests were conducted by
considering instructions of diamond disc
manufacturers and the relevant studies in the
literature. Consequently, valid for all types
of tested rocks, the operating variables was
selected as given in Table 2 and varied at the
levels presented in Table 3. Rock samples
were sawn through their lengths and all
sawing experiments were performed by the
same cutting mode (down-cutting mode).

A noise level meter modeled as “DT-
8852” (Fig. 2) was used to measure the noise
level during the cutting process. The main
specifications of the noise level meter are
given in Table 4. The equipment has a
screen showing the noise level values and
the max, min and instantaneous noise levels
during the cutting can be seen on this screen.
The data obtained was transported to a PC
and the average noise level for every cutting
was reported through a software interface.

Figure 2. Noise level meter used for the

In order to determine the levels of measurements
operating variables for the study, some
Table 2. Levels of operating variables
Operating Variables Levels
Peripheral Speed (m/s) 25 30 35 40 45
Traverse Speed (cm/min) 40 50 60 70 80
Cutting Depth (cm) 0.5 1.0 1.5 2.0 2.5
Flow Rate of Cooling Fluid (ml/s) 50 100 150 200 250
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Table 3. Experimental layout

Peripheral  Traverse Cutting Flow Rate of
g;"x;;:{ ¢ Speed Speed Depth Cooling Fluid
P (m/s) (cm/min) (cm) (ml/s)

1 25 60 2.0 150
2 30 60 2.0 150
3 35 60 2.0 150
4 40 60 2.0 150
5 45 60 2.0 150
6 35 40 2.0 150
7 35 50 2.0 150
8 35 60 2.0 150
9 35 70 2.0 150
10 35 80 2.0 150
11 35 60 0.5 150
12 35 60 1.0 150
13 35 60 1.5 150
14 35 60 2.0 150
15 35 60 2.5 150
16 35 60 2.0 50
17 35 60 2.0 100
18 35 60 2.0 150
19 35 60 2.0 200
20 35 60 2.0 250

Table 4. Specifications of the sound level meter used in the study

Standard applied IEC61672-1 Type 2,ANSI S1.4 Type2
Accuracy +1.4dB

Frequency range 31.5HZ ~ 8KHZ

Dynamic range 50dB

Level ranges

LO:30dB~80dB Med:50dB~100dB

Hi:80dB~130dB Auto:30dB~130dB

Time weighting

FAST ( 125mS ), SLOW ( 1s)

Microphone 1/2 inch electret condenser microphone
Resolution 0.1dB

Display Update 2 times/sec

Analog output AC/DC outputs, AC=1Vrms,DC=10mV/dB

3 RESULTS AND DISCUSSIONS

Influences of the operating variables on the
noise level were depicted in Figures 3-6. It
can be stated that increasing of peripheral
speed, traverse speed and cutting depth
resulted in an increase in noise levels
recorded for all rocks. Unlike the behavior
of other operating variables, a decreasing
trend for noise levels reported for all rocks
was initially observed with the increasing of
flow rate of cooling fluid. It can be also
stated that the noise levels increased as a
result of the increase in specific removal rate
that is the quantity of the material sawn in
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unit time or the area cut per unit time as
shown in Figure 7.

Noise Level (dB)

25 30 35 40 45
Peripheral Speed (m/s)

Figure 3. Peripheral speed versus noise level
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Figure 5. Cutting depth versus noise level

To build models for prediction of noise level
from operating variables, multiple regression
analysis was performed using the dependent
(noise level) and independent variables
(operating variables). Contribution of each
operating variable on the noise level was
also determined. Results of the multiple
linear regression analysis were presented in
Table 5. The dependent and independent
variables are denoted as following; NL:
noise level, A: peripheral speed, B: traverse
speed, C: cutting depth, D: flow rate of
cooling fluid. The models developed for the
estimation of noise level from operating
variables for each rock are presented
together with the contribution rates (CRs) of
each operating variable (Egs. 1-3).

NLgr (dB) = 82.8019 + 0.3040 A + 0.1461
B + 1.4743 C - 0.0067 D

CR (%): A: 36.44, B: 35.02, C: 20.55, D:
7.98 (1)

NLxz (dB) = 88.0695 + 0.2470 A + 0.1157
B +1.3030 C - 0.0061 D

CR (%): A: 35.74, B: 33.48, C: 21.93, D:
8.85 ©)

NLsc (dB) = 86.9416 + 0.2738 A +0.1200 B
+1.5088 C-0.0115D

CR (%): A: 34.04, B: 29.84, C: 21.82, D:
14.30 3

The peripheral speed was determined as
the most significant operating variables
affecting the noise level. The peripheral
speed was followed by traverse speed,
cutting depth and flow rate of cooling fluid
respectively. It can be also concluded that
among the operating variables, the flow rate
of cooling fluid was the operating variables
that has less effect on the noise level.

109 — M Giallo Fiorito O Nero Zimbabwe
—_ 0 Star Galaxy
g 107
g i
% 105 - n
— o
2 i
Z N

101

50 100 150 200 250
Flow Rate of Cooling Fluid (ml/s)

Figure 6. Flow rate of cooling fluid versus
noise level
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i
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S
g
Il

Specific Removal Rate (cmz/min)

Figure 7. Specific removal rate versus noise
level

From Table 5, it was seen that the R* of
the models are greater than 0.90. These
values indicate that there is a high degree of
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relationship between the predicted and
observed noise levels. The prediction
capability and/or verification of the derived
models were tested by the F-test, while each

operating variable involved in the models
was verified by the t-test. In verification
tests, a 95% level of confidence was chosen.

Table 5. Results of the multiple linear regression analysis

Standar

Determinatio
Rock type Ini?;;;iint Coefficient S;‘Z’:ﬁ;’: d eor;or n coe{{zicient
estimate (®)
S 88.0695 1.332
Giallo A 0.2470 0.026
Fiorito B 0.1157 0.013 0.411 0.9456
C 1.3030 0.224
D -0.0061 0.003
S 82.9560 0.734
Nero A 0.2734 0.014
Zimbabwe B 0.1545 0.007 0.227 0.9880
C 1.4859 0.123
D -0.0056 0.001
S 82.8019 1.069
Star A 0.3040 0.021
Galaxy B 0.1461 0.010 0.330 0.9759
C 1.4743 0.180
D -0.0067 0.002

If the calculated F-and t-values are greater
than those of tabulated, it confirms that the
related models and each operating variable
involved in the models are statistically

concluded that the derived models are valid.
As can be seen in Table 6, all calculated F-
and t-values are greater than those of
tabulated values suggesting that the derived

significant. In other words, it can be models are statistically valid.
Table 6. F-test and t-test results for regression analysis
Rock Type t-value Tabulated t- Fratio T abulaz:ed F-
value ratio
66.135
. 9.491
Siallo 8.892 1729 52151 3.13
5.824
-2.352
113.015
Nero 19.059
Zimbabwe 21.541 1.729 246.980 3.13
12.049
-3.932
77.482
Star 14.557
Galaxy 13.992 1.729 121.312 3.13
8.211
-3.189
4 CONCLUSIONS depth resulted in an increase in noise levels
It was concluded that increasing of recorded for all rocks. Unlike the behavior

peripheral speed, traverse speed and cutting
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of other operating variables, a decreasing
trend for noise levels was initially observed
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with the increasing of flow rate of cooling
fluid. Modeling results revealed that the
noise level can be effectively predicted from
the operating variables. Peripheral speed and
traverse speed were determined as important
operating variables in term of noise level.
The verification methods confirm the
correctness of the developed models.
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