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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).  

 

 

 
 

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, two 
configurations can be adopted: 

A - High bench, where the vertical extent 
of the face varies from 6 to 18 m, according 
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to cases. Commercial blocks, whose size 
ranges from 4 to 12 m3, are produced with a 
sequence of cascade subdivisions. A primary 
block, up to 2,000 m3 in size, is first isolated 
from the hillside and then split into 
secondary blocks (slices), about 100 - 200 
m3 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 m3 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 
l/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); 

-  a programmable 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/m3] 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.  

 
 

Figure 5. Experimental conditions for the 
second series of test 

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.  



459

23rd International Mining Congress & Exhibition of Turkey Å 16-19 April 2013 ANTALYA

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 m2/h, lower than that 
obtained in the case of unloaded samples 
(0.63 m2/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 m2/h after 
deepening the initial slot by further 10 cm 
and to 0.39 m2/h after additional 15 cm, 
compared to 0.63 m2/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  
[t] 

Cutt. rate.  
[m2/h] 

Depth  
[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 m2/h over 
34 mm depth. On doubling that force, 
cutting rate jumped to 0.84 m2/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 ůx as shown in Figure 9 
where the results of all tests are reported. 
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Figure 9. Cutting rate versus maximum ůx 
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 

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 
et al. 1991, Agus et al. 1993). 
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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. 

 

Modeling Aspects of Block Toppling in Rock Slopes 
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 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. 
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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 columns 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 

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: 

 
 

Ў ÔÁÎ ʕ                                                                    ρ   
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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 ‪ Ȣ 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 

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 

number of cycles, Nichol et. al. (2002) could 
represent the failure process.  

  
 
 

 

 
 
Figure 4: Block displacements 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 block 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 1m. Discontinuity 1m is the 
foliation and it 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. 
 

 

  
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 1m 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. 

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 rock 
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/m3 
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: 24°, 
Cohesion: 0 
Normal stiffness coefficient: 40MPa/m 
Shear stiffness coefficient: 0,4MPa/m 

a) In situ stress: 
Gravitational field stress with horizontal 
stresses calculated as a poisson ratio 
function. 

 
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 

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 Phase2. 

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. 

 
 

  
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: ɔ = 24kN/m3  

 

Angle of the normal line to toppling 
discontinuity and the x axis: ɓ = 45Á  
Dip angle of basal discontinuity: ɓb = 28Á 
Dip slope angle: ɓs = 80Á 
Angle of the natural ground and the x axis: 
ɓg = 0 
Dip angle of basal failure surface: ɗ = 47Á 
Friction angle of discontinuities: ᶫ = 24Á 

 
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: 

 

Ὢ   ρ                                                                             ς   

 
where: 
ὡ  is the weight of block i 
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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 fi are less than 
zero. As a result there are 19 toppling blocks 
in the system. 

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) 

 

 

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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 Macun dolguda jeopolimer esaslē baĵlayēcēlarēn kullanēlabilirliĵi, dolguya 
kazandēracaĵē mekanik ve durabilite ºzelliklerinin yanēnda iĸlenebilirlik ºzelliklerine de 
baĵlēdēr. Bu ­alēĸmada s¿lf¿rce zengin normal ve ĸlamē uzaklaĸtērēlmēĸ maden tesis 
atēklarēndan aktifleĸtirilmiĸ y¿ksek fērēn c¿rufu esaslē jeopolimerler ve normal portland 
­imentosu kullanēlarak numuneler hazērlanmēĸtēr. Hazērlanan taze macun dolgu 
malzemelerinin kēvam (iĸlenebilirlik) ºzellikleri ve k¿r iĸlemine tabi tutulan numunelerin de 
28 g¿nl¿k dayanēm sonu­larē araĸtērēlmēĸtēr. Jeopolimer baĵlayēcēlar ile hazērlanan macun 
dolgu numunelerinin tamamēnēn 28 g¿nl¿k k¿r s¿resindeki 1 MPaôlēk eĸik dayanēm deĵerini 
saĵladēĵē gºr¿lm¿ĸt¿r. Ancak, normal Portland ­imentosu ile sadece ĸlamē uzaklaĸtērēlmēĸ 
atēktan hazērlanan numuneler eĸik dayanēm deĵerini saĵlamēĸtēr. Normal Portland ­imentosu 
i­eren macun dolgu malzemelerinde iki saatlik s¿re i­inde %1 ila %6 oranēnda iĸlenebilirlik 
kaybē gºr¿l¿rken, jeopolimer i­eren macun dolgu malzemelerinin kēvamēnda azalma 
izlenmiĸtir. Dolayēsēyla, jeopolimerlerin macun dolgu mekanik ºzelliklerinin yanēnda, dolgu 
malzemelerinin iĸlenebilirlik ºzelliklerini de iyileĸtirdiĵi sonucu elde edilmiĸtir. 
 
 

 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. 
 

Jeopolimerlerin Macun Dolgunun Dayanēm ve Ķĸlenebilirlik 
¥zelliklerine Etkisi 
The Effect of Geopolimers on the Strength and Workability 
Characteristics of Paste Backfill 
 
F. Cihangir, B. Er­ēkdē, A. Kesimal, H. Deveci 
Karadeniz Teknik ¦niversitesi Maden M¿hendisliĵi Bºl¿m¿, Trabzon 
Y. Akyol, S. Ocak, M. Kurtuluĸ 
Maden M¿hendisi, Trabzon 



476

F. Cihangir, B. Er­ēkdē, A. Kesimal, H. Deveci, Y. Akyol, S. Ocak, M. Kurtuluĸ

 
1 GĶRĶķ 
Macun dolgu; cevher zenginleĸtirme 
iĸlemleri sonrasē ortaya ­ēkan maden tesis 
atēklarē, amaca baĵlē olarak % 3-9 oranēnda 
baĵlayēcē madde ve su karēĸēmēndan oluĸan, 
%70-85 oranēnda nihai katē oranēnda ve 
uygun kēvamda (7.0-8.5 slamp) bir 
malzemedir. Dolgu bileĸenlerinden her biri, 
macun dolgunun kēsa ve uzun dºnemdeki 
dayanēmēnē, durabilitesini, nakliyesini ve 
boĸluklara yerleĸtirilmesi gibi iĸlenebilirlik 
ºzelliklerini ºnemli derecede etkilemektedir. 
Macun dolguda genellikle normal Portland 
­imentosu ve mineral katkēlē Portland 
kompoze ­imentolar kullanēlmaktadēr. Son 
yēllarda, puzolanik mineral katkē 
maddelerinin alkali aktivasyon teknikleri ile 
aktifleĸtirilerek ­imento yerine kullanēmē 
giderek yaygēnlaĸmaktadēr. Macun dolguda 
normal Portland ­imentosuna (CEM I 42.5R) 
alternatif olarak alkali aktive y¿ksek fērēn 
c¿ruflarēnēn (jeopolimer baĵlayēcēlar) 
kullanēlmasē durumunda, asit, s¿lfat, vb. 
etkiler ile kimyasal korozyonlara karĸē daha 
dayanēklē ve daha y¿ksek dayanēma sahip 
dolgu ¿retilebilmektedir (Cihangir, 2011). 

Jeopolimer ­imentolarēn kullanēmē eski 
Mēsērlēlarôdan g¿n¿m¿ze kadar ulaĸmasēna 
ragmen, g¿n¿m¿zde yeni bir teknoloji olarak 
d¿ĸ¿n¿lmektedir. ¥zellikleri az 
bilindiĵinden ve yaygēn kullanēlmadēĵēndan 
ticari olarak sēnērlē kullanēma sahiptir. 
Davidovits (1979), eski Romalēlarēn ve 
Mēsērlēlarēn g¿n¿m¿ze dek ulaĸan yapētlarēnē 
doĵal taĸlardan deĵil, jeopolimer ­imentolar 
kullanarak inĸa ettiklerini belirtmiĸtir. Mēsēr 
piramitlerinin; kire­taĸē kumu, NaOH, 
Na2CO3 ve su kullanēlarak yerinde inĸa 
edildiklerini, yaptēĵē mineralojik, kimyasal, 
yapēsal ve dokusal araĸtērmalarēna baĵlē 
olarak kanētlamēĸ ve rapor etmiĸtir (Torgal 
vd., 2008).  

Jeopolimer ­imentolar; y¿ksek fērēn 
c¿rufu ve u­ucu k¿l gibi alim¿nyum ve 
silikat­a zengin puzolanik malzemelerin 
alkali kimyasallarla muamele edilmesiyle 
elde edilirler. Jeopolimer ­imentolar atēk 
veya yan sanayi ¿r¿nlerinden 
¿retildiklerinden ve baĵlayēcē olarak ekstra 
bir kullanēma sahip olduĵundan, olduk­a 

avantajlēdērlar. Bununla birlikte, ­imento ile 
kēyaslandēĵēnda sēfēr sera gazē emisyonu, 
ekstra piĸirme enerjisi ve doĵal mineral 
kaynaklarēnēn kullanēmēnē gerektirmemesi 
gibi yºnlerinden dolayē olduk­a ­evrecidirler 
(Ehrenberg, 2005). Jeopolimerler; 
madencilikte, inĸaat sektºr¿nde, atēk 
yºnetimi ve ºzel beton uygulamalarēnda 
kullanēlabilmektedir. Jeopolimer 
­imentolarēn, madencilikte yeraltē dolgu 
uygulamalarēnda aĸērē tuzlu su ortamlarēnda 
dahi ­imentolu ¿r¿nlerle kēyaslandēĵēnda 
daha d¿ĸ¿k maliyetlerde 5 kata kadar daha 
y¿ksek dayanēm sonu­larē ¿rettiĵi 
belirtilmektedir (Drechsler, 2006). Macun 
dolguya yºnelik y¿ksek s¿lfat i­eren maden 
tesis atēklarēnēn kullanēldēĵē agresif 
ortamlarda dahi (DIN 4030), jeopolimerlerin 
­imento i­eren dolgu ºrneklerine kēyasla 
daha duraylē ve 5 kata kadar y¿ksek dayanēm 
sonu­larēnēn elde edildiĵi gºr¿lm¿ĸt¿r 
(Cihangir vd., 2012). 

Macun dolguda dayanēm ve durabilitenin 
yanēnda ºnemli diĵer bir husus ise dolgu 
malzemesinin pompa-boru sistemi ile 
yeraltēna taĸēnmasē ve yeraltēndaki cevheri 
alēnmēĸ boĸluklara yerleĸtirilmesidir. Dolgu 
malzemesi 6 ila 15 dakika arasēnda, macun 
dolgu tesisine olan uzaklēĵa baĵlē olarak 
yeraltēnda doldurulacaĵē nihai boĸluĵa 
ulaĸmaktadēr. Taĸēnma esnasēnda macun 
dolgu malzemesinin kēvamēnda herhangi bir 
deĵiĸiklik olmamasē ve baĸlangē­ kēvamēnē 
korumasē; pompa basēncē ve enerji 
maliyetlerinin yanēnda, borularda tēkanma ve 
aĸērē s¿rt¿nmeden dolayē aĸēnma 
problemlerinin engellenmesi ve tamir-bakēm 
meliyetleri a­ēsēndan b¿y¿k ºnem arz 
etmektedir (Hewitt vd., 2009). 

Macun dolgunun yeraltēna taĸēnma 
esnasēndaki reolojik ºzelliklerine yºnelik 
literat¿rde ­ok az ­alēĸmaya rastlanmēĸtēr. 
Ayrēca ĸlamē uzaklaĸtērēlmēĸ tesis 
atēklarēndan hazērlanan macun dolgu 
ºzelliklerine yºnelik de literat¿rde sēnērlē 
sayēda ­alēĸma bulunmaktadēr (Kesimal vd., 
2003; Er­ēkdē vd., 2003). 

Ķnĸaat sektºr¿nde jeopolimer baĵlayēcēlar 
kullanēldēĵēnda taze numunelerde 
iĸlenebilirlik kayēplarē meydana gelmektedir. 
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Bu y¿zden ºzel kimyasal ve ultra ince 
mineral katkē maddelerine baĸvurulmaktadēr 
(Collins ve Sanjayan, 1998; Torgal vd., 
2011). Macun dolguda jeopolimer 
baĵlayēcēlarēn beton malzemelerine benzer 
ĸekilde iĸlenebilirik kayēplarēna neden olup 
olmayacaĵēnēn ortaya konulmasē, bu 
baĵlayēcēlarēn macun dolguda teknik olarak 
kullanēlēp kullanēlamayacaĵēnēn belirlenmesi 
a­ēsēndan b¿y¿k ºnem taĸēmaktadēr. 

Bu ­alēĸmada; normal Portland ­imento ve 
jeopolimer baĵlayēcēlar ile s¿lf¿r i­eriĵi 
y¿ksek normal atēklardan ve bu atēklarēn 
siklonlanmasē ile ince miktarēnēn 
uzaklaĸtērēlmasēndan elde edilen biraz daha 
iri boyuta sahip cevher zenginleĸtirme tesis 
atēklarēndan hazērlanan macun dolgu 
malzemelerinin kēvam ºzellikleri 
araĸtērēlmēĸtēr. Bu kapsamda normal Portland 
­imento ve iki farklē jeopolimer (alkali 
aktive y¿ksek fērēn c¿rufu) baĵlayēcē 
malzeme kullanēlarak hazērlanan taze macun 
dolgu malzemelerinin ilk iki saatteki reolojik 
davranēĸlarē araĸtērēlmēĸtēr. Macun dolguda 
dolgu malzemesinin iĸlenebilirlik 
ºzelliklerine yºnelik literat¿rde sēnērlē sayēda 
­alēĸma bulunmaktadēr (Yin vd., 2012). 
Dolayēsēyla bu ­alēĸmanēn, hem normal 
Portland ­imento ile hem de jeopolimer 
baĵlayēcēlar kullanēlarak hazērlanan macun 
dolgu malzemesinin pompa-boru sistemi ile 
taĸēnmasē ve yerleĸmesi esnasēnda ge­en 
s¿redeki reolojik ºzelliklerinin 
belirlenmesinin uygulamada ve literat¿re 
katkēlar saĵlayacaĵē d¿ĸ¿n¿lmektedir. 

1.1 Macun Dolgunun Yeraltēna Nakliyesi 
Macun dolgu malzemesi macun dolgu 
tesisinde hazērlanmaktadēr. Macun dolgu 
tesisleri, yaklaĸēk olarak aĵērlēk­a ortalama 
%75-85 katē oranēnda, 12-200 m3/sa 
kapasitede ve 5-13 MPa pompa basēncēnda 
dolgu malzemesi ¿retme ve nakliye 
kapasitelerinde tasarlanabilir (Paterson, 
2011; Er­ēkdē vd., 2012). Aĵērlēk­a yaklaĸēk 
%30 katē i­eren tesis atēklarē ºncelikle 4" 
­apēnda borularla macun dolgu tesisine 
gºnderilmektedir. Atēklar ilk olarak deĵiĸik 
­aplardaki tiknerlerde koyulaĸtērēlmakta ve 
buradan depolama tankēna nakledilmektedir. 

Depolama tankēnda homojenleĸtirilen atēklar 
vakumlu disk filtreler kullanēlarak 
susuzlaĸtērēlmaktadēr. Bu iĸlem sonucu 
oluĸan filtre kekinin katē i­eriĵi aĵērlēk­a 
%80-86ôdēr. Burada susuzlandērmanēn temel 
ama­larē; tesise su geri beslemesini 
saĵlamak, dolgu i­in gerekli uygun, 
iĸlenebilir karēĸēm malzemesini saĵlamak ve 
dolgu b¿nyesinde yer alabilecek suyun 
kimyasal a­ēdan maksimum kontrol¿n¿ 
(SO4

= i­eriĵi vs.) saĵlamaktēr. 
Daha sonra filtre kekine kondisyoner 

tankēnda su ve mikserde baĵlayēcē ilave 
edilerek homojen bir ĸekilde karēĸtērēlmakta, 
hazērlanan karēĸēm 5" ­apēndaki borular ve 
pompalar vasētasēyla yeraltē ¿retim 
boĸluklarēna nakledilmektedir (ķekil 1). 

 

ķekil 1. Macun dolgunun yeraltē boĸluĵuna 
nakliyesi (Yēlmaz, 2003) 
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Macun dolgu malzemesi pratikte 7.0-8.5 
in­ slampta yer altēna basēlmaktadēr. Ancak 
dolgu malzemesinin yer altē boĸluklarēna 6-
10 in­ slampta basēlabileceĵi belirtilmektedir 
(Er­ēkdē vd., 2012). Macun dolgu 
malzemesinin kēvamē, yeraltēnda 
yerleĸtirileceĵi boĸluĵa nakliyatē a­ēsēndan 
b¿y¿k ºneme sahiptir. 

Macun dolguda 20 Õm altē malzeme 
miktarē, dolgu malzemesinin su tutma 
yeteneĵi a­ēsēndan ºnemlidir. Macun dolgu 
malzemesi, kuru aĵērlēk­a en az %15 
oranēnda 20 Õm altē ince tane i­erdiĵinden 
kolloidal bir yapēya sahiptir (Brackebusch, 
1994). Bºylelikle; dolgu malzemesinin 
kēvamēnē bir m¿ddet korumasē ve boru 
sistemi ile yer altēna kolay bir ĸekilde 
taĸēnmasē m¿mk¿n olmaktadēr. 

1.2 Baĵlayēcē Ķ­eren Malzemelerde 
Ķĸlenebilirlik Testi 
¢imento i­eren taze beton, har­ vb. 
malzemelerin ºzellikleri; karēĸēm anēndan en 
son yerleĸtirileceĵi yere kadarki zaman 
aralēĵēnda malzemelerin kēvamē, 
akēĸkanlēklarē, taĸēnabilirlikleri, 
pompalanabilirlikleri, sēkēĸtērēlabilirlikleri, 
yerleĸtirilebilirlikleri gibi ºzellikler 
belirlenir. Bu ºzellikler, baĵlayēcē i­eren taze 
malzemelerin iĸlenmesinde ekipman se­imi 
ve konsolidasyon gibi ºzellikleri 
etkilediĵinden b¿y¿k ºnem arz eder. 
Ķĸlenebilirlik ise taze beton gibi malzemelere 
yºnelik yukarēda sayēlan b¿t¿n parametreleri 
yaklaĸēk olarak temsil eden bir kavram 

olmakla birlikte herhangi bir segregasyona 
izin vermeden beton vb. malzemelerin yerine 
yerleĸtirilmesi ve sēkēĸtērēlmasēna kadar 
gerekli iĸlerin b¿t¿n¿ olarak belirtilebilir. 
Ķĸlenebilirlik ºl­¿mlerine yºnelik ºnerilen 
en yaygēn test yºntemleri i) slamp testi ii) 
vebe testi iii) kompaksiyon testi ve iv) akēĸ 
testi ĸeklinde sēralanabilir (Shi vd., 2006). 

Baĵlayēcē i­eren taze har­ ve beton 
malzemelerinde iĸlenebilirlik ºzellikleri 
pratikte genel olarak slamp testleri ile 
ºl­¿lmektedir. Macun dolguda da taze dolgu 
malzemesinin baĸlangē­ slamp seviyesi 
ºl­¿lmektedir. Malzemenin slampē su ile 
ayarlandēĵēndan, fazla su kēvamēn 
azalmasēna neden olurken, diĵer taraftan 
dolgunun kolloidal yapēsēndan dolayē su 
tutmasē nedeniyle boĸluk miktarē 
artmaktadēr. Dolayēsēyla macun dolguda kēsa 
ve uzun dºnemde dayanēm problemleri 
meydana gelmektedir. Bu y¿zden macun 
dolguda kēvamēn optimum seviyede olmasē 
istenmektedir. 

Slamp ºl­¿m¿nde standart kesik koninin 
(12 in­ y¿ksekliĵe sahip) i­ine taze dolgu 
malzemesi 3 kademede hava alma ve 
sēkēlama iĸlemleri ile doldurulur. Daha sonra 
kesik koninin ¿st y¿zeyi d¿zeltilir. Koni iki 
tarafēndaki tutma kulplarēndan tutularak 
yukarē doĵru sabit ve kontroll¿ bir ĸekilde 
­ekilir. Bºylece kesik koninin i­indeki 
malzemenin serbest bērakēlarak d¿ĸ¿r¿lmesi 
saĵlanēr. Malzemenin baĸlangē­ seviyesinden 
olan d¿ĸme seviyesi ºl­¿lerek macun dolgu 
malzemesinin slampē bulunur (ķekil 2). 

 

ķekil 2. Macun dolgu kēvamēnēn slamp testi ile ºl­¿lmesi 
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2 DENEYSEL ¢ALIķMALAR 
Bu ­alēĸmada; bir maden iĸletmesine ait 
s¿lf¿r i­eriĵi y¿ksek normal atēk ve bu 
atēktan hidrosiklon ile ince malzemenin bir 
kēsmēnēn uzaklaĸtērēlmasēyla elde edilen atēk 
olmak ¿zere iki farklē atēk kullanēlmēĸtēr. Bu 
atēklardan aktifleĸtirilmiĸ y¿ksek fērēn c¿rufu 
i­eren jeoplimerler ve normal Portland 
­imentosu kullanēlarak hazērlanan taze 
macun dolgu numunelerinde, atēk ve 
baĵlayēcē ºzelliklerinin dolgu malzemesinin 
dayanēm ve reolojik ºzelliklerine etkileri 
araĸtērēlmēĸtēr. Bu ama­la hazērlanan macun 
dolgu numunelerinin macun dolguda 
kullanēlabilirliklerine yºnelik eĸik s¿re olan 
28 g¿nl¿k k¿r s¿resinde dayanēmlarē ve ilk 
iki saatlik s¿redeki iĸlenebilirlik ºzellikleri 
araĸtērēlmēĸtēr. 

Deneysel ­alēĸmalarda kullanēlan atēk 
malzemeler Rizeônin ¢ayeli il­esinde 
Madenkºyôde bulunan ¢ayeli Bakēr 
Ķĸletmeleriônden temin edilmiĸtir. Baĵlayēcē 
olarak bir ­imento fabrikasēndan normal 
Portland ­imentosu temin edilmiĸtir. Ayrēca 
jeopolimer baĵlayēcēlar i­in bir demir ­elik 
fabrikasēndan y¿ksek fērēn c¿rufu temin 
edilmiĸtir. Y¿ksek fērēn c¿rufunun 
aktifleĸtirilmesinde kullanēlmak ¿zere sēvē 

sodyum silikat (LSS-Na2OĿ2SiO2) ve 
gran¿le sodyum hidroksit (NaOH) olmak 
¿zere iki farklē aktivatºr temin edilmiĸtir.  

2.1 Malzemelerin Karakterizasyonu 

2.1.1 Atēk Malzeme 
Deneysel ­alēĸmalarda kullanēlan atēk 
malzeme flotasyon iĸlemine tutulmuĸ bakēr 
cevherinin zenginleĸtirildiĵi cevher 
zenginleĸtirme tesisinin disk filtre ­ēkēĸēndan 
alēnmēĸtēr. Atēk malzemelerin tane boyu 
daĵēlēmē analizleri, Malvern Mastersizer 
Hydro 2000 MU marka tane boyu daĵēlēmē 
ºl­¿m cihazē ile ger­ekleĸtirilmiĸtir. 

ķekil 3ôte normal atēk ve ĸlamē 
uzaklaĸtērēlmēĸ atēk i­in 20 Õm altē malzeme 
miktarēnēn aĵērlēk­a sērasēyla %50.99 ve 
%16.01olduĵu gºr¿lmektedir. Buna gºre 
normal atēk orta boyutlu atēk sēnēfēna 
girerken, ĸlamē uzaklaĸtērēlmēĸ atēk iri 
boyutlu atēk sēnēfēna girmiĸtir (Landriault, 
2001; Kesimal vd., 2010). Atēk 
malzemelerin macun dolguda 
kullanēlabilmesi i­in 20 mikron altē ince 
malzeme miktarē minimum %15 olmasē 
gerektiĵi gºz ºn¿ne alēndēĵēnda, her iki 
atēĵēn da macun dolguda kullanēlabileceĵi 
gºr¿lmektedir. 
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ķekil 3. Atēk malzemelerin tane boyut daĵēlēmlarē 

Atēk malzemelerin ¿niformluk katsayēlarē 
(Cu) ve eĵrilik katsayēlarē (Cc) gºz ºn¿ne 
alēndēĵēnda atēk malzemelerin her ikisinin de 

iyi bir tane boyut daĵēlēmēna sahip olduklarē 
sºylenebilir. Bununla birlikte, ĸlam 
uzaklaĸtērma ile elde edilen atēĵēn daha iyi 
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bir gran¿lometriye sahip olduĵu sºylenebilir 
(Landriault, 2001). Atēk malzemelerin ºzg¿l 
aĵērlēklarē (Gs) 100 mlôlik piknometreler 
kullanēlarak ASTM C 128-97 (2002) 
standartlarēna gºre elde edilmiĸtir. Atēk 
malzemelerin ºzg¿l y¿zey alanlarē 
deĵerlendirildiĵinde ĸlam uzaklaĸtērma 
iĸlemi sonucunda 20 mikron altē malzeme 
miktarlarēna baĵlē olarak y¿zey alanlarēnēn 
baĸlangē­ deĵerine gºre %47 oranēnda 
azaldēĵē gºr¿lmektedir (¢izelge 1). 

Dolgu malzemesinin yeraltē ¿retim 
boĸluklarēna nakliyesi esnasēnda kēvamēnē 
korumasē ve arzu edilen akēĸkanlēĵa sahip 
olabilmesi i­in beli oranda suyu b¿nyesinde 
tutmasē gerekmektedir. Macun dolguda su 
tutmayē saĵlayacak kolloidal yapē i­in atēk 
malzemedeki 20 ɛm altē malzeme miktarēnēn 
aĵērlēk­a en az %15 olmasē gerekmektedir. 

Malzemenin kolloidal ºzelliklerini 
belirlemek i­in standart slamp koni testi ve 
su tutma-bērakma testleri kullanēlmaktadēr. 
Atēklarēn reolojik ºzelliklerinin 
belirlenmesine yºnelik ºncelikle ASTM C 
143ôe gºre beton standart kesik koni test 
aleti ile 7.5 inch slampta ­imentosuz 
numuneler hazērlanmēĸtēr. Daha sonra bu 
numunelerden belirli miktarda numune 
alēnarak 6 saat boyunca numuneden ayrēlan 
su miktarlarē toplanarak baĸlangē­taki su 
miktarēna oranlanmēĸtēr. Reolojik testlerde 
normal atēklarēn su tutma kapasitelerinin 
ĸlam malzemesi uzaklaĸtērēlmēĸ atēklara 
kēyasla yaklaĸēk 12 kat daha y¿ksek olduĵu 
gºr¿lm¿ĸt¿r. ķekil 4ôte ĸlam malzemesi 
uzaklaĸtērēlan atēklarda 6 saat sonunda daha 
fazla oranda oturma ger­ekleĸtiĵi 
gºr¿lmektedir. 
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ķekil 4. Atēk malzemelerin su tutma-bērakma kapasiteleri 

Atēk malzemelerin kimyasal analizleri 
Kanadaôda ACME kimyasal analiz 
laboratuvarlarēnda ger­ekleĸtirilmiĸtir. Atēk 
malzemenin kimyasal analizlerinden S-2 

(S¿lfid K¿k¿rd¿) i­eriklerinin olduk­a 
y¿ksek olduĵu gºr¿lmektedir. Ayrēca SiO2 + 
Al2O3 i­erikleri bakēmēndan ĸlamē 
uzaklaĸtērēlan atēĵēn yaklaĸēk %30 oranēnda 
daha az kil mineralleri i­erdiĵi gºr¿lm¿ĸt¿r. 
ķlam uzaklaĸtērma iĸlemi sonucunda elde 
edilen atēĵēn pirit i­eriĵinin baĸlangēca gºre 
yaklaĸēk %13 oranēnda arttēĵē gºr¿lmektedir. 
Atēk malzemelerin bazē kimyasal ve fiziksel 
ºzellikleri aĸaĵēda ¢izelge 1ôde verilmiĸtir. 

2.1.2 Baĵlayēcē Malzemeler 
Bu ­alēĸmada, kontrol ama­lē olarak macun 
dolgu malzemelerinin hazērlanmasēnda 
normal Portland ­imentosu kullanēlmēĸtēr. 
Normal ­imentoya alternatif baĵlayēcē olarak 
kullanēlan y¿ksek fērēn c¿rufu Kardemir 
demir ­elik fabrikasēndan temin edilmiĸtir. 

Baĵlayēcē maddelerin kimyasal ve 
mineralojik analizleri ¢izelge 2ôde ve 
fiziksel ºzellikleri ¢izelge 3ôte verilmiĸtir. 
¢izelge 2ôden normal Portland 
­imentosunun CaO y¿zdesinin ­ok y¿ksek 
olduĵu (%65,0) ve dolayēsēyla s¿lf¿r i­eriĵi 
y¿ksek atēklardan hazērlanacak macun 
dolguda asit ve s¿lfat etkilerine karĸē 
dayanēksēz olabileceĵi sºylenebilir. 
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¢izelge 1. Atēk malzemelerin bazē fiziksel ve kimyasal ºzellikleri 

Kimyasal bileĸim Normal Atēk (%) ķlamē Uzaklaĸtērēlmēĸ Atēk (%) 
SiO2 13.16 10.43 
Al2O3 4.81 2.46 
Fe2O3 48.41 53.93 
MgO 1.13 0.91 
CaO 1.83 1.28 
Na2O 0.19 0.18 
K2O 0.64 0.23 
TiO2 0.08 0.07 
P2O5 0.02 0.02 
MnO 0.06 0.05 
Cr2O3 0.01 <0.01 
BaSO4 2.54 2.02 
Kēzdērma kaybē 26.9 28.2 
S¿lf¿r i­eriĵi (S-2) 37.4 42.23 
Pirit i­eriĵi (FeS2)  70.13 79.19 
Fiziksel ºzellikler 
¥zg¿l aĵērlēk 4.09 4.32 
¥zg¿l y¿zey alanē (cm2/g) 3662 1956 
Eĵrilik ­apē (Cc) 0.96 1.08 
¦niformluk katsayēsē (Cu) 13.33 3.62 

¢izelge 2. Baĵlayēcē maddelerin kimyasal ve mineralojik ºzellikleri 

Kimyasal 
bileĸim 

Normal Portland ¢imentosu (%) Y¿ksek Fērēn C¿rufu (%) 
SiO2 21.88 39,75 
Al2O3 4.74 10,91 
Fe2O3 2.90 0,80 
CaO 65.00 38,02 
MgO 1.40 5,92 
TiO2 0.19 0,51 
Cr2O3 0.01 0,01 
Na2O 0.39 0,32 
K2O 0.75 1,19 
MnO 0.12 1,54 
P2O5 0.06 <0.01 
Serbest Kire­ 1.04 - 
Kēzdērma 

Kaybē 
2.5 0,20 

SO3 2.67 1,62 
Reaktif SiO2 - 39,1 
Baziklik 

Ķndeksi 
- 1,03 

Mineralojik 
bileĸim   (%) 

C3S 50,42 
- C2S 27,76 
- C3A 7,66 
- C4AF 8,83 
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¢izelge 3. Baĵlayēcē maddelerin fiziksel ºzellikleri 

Fiziksel ¥zellikler Normal Portland ¢imentosu Y¿ksek Fērēn C¿rufu 
¥zg¿l aĵērlēk 3,07 2,89 
¥zg¿l y¿zey (cm2/g) 4120 4600 
45 Õm elek bakiyesi (%) 2,17 4,15 
32 Õm elek bakiyesi (%) 7,48 9,6 

 

Baĵlayēcē malzemelerin ºzg¿l aĵērlēklarē 
(Gs) 100 mlôlik piknometreler kullanēlarak 
ASTM C 128-97 (2002) standartlarēna gºre 
elde edilmiĸtir. Malzemelerin ºzg¿l y¿zey 
alanlarē ise blain (incelik) testleri ile 
belirlenmiĸtir. Baĵlayēcē malzemelerin 
kimyasal analizleri de Kanadaôda bulunan 
ACME laboratuvarlarēnda 
ger­ekleĸtirilmiĸtir.  

Y¿ksek fērēn c¿ruflarēnēn 
aktifleĸtirilmesinde mod¿l oranē 2.0 
(aĵērlēk­a SiO2/Na2O oranē; MS=SiO2/Na2O) 
olan sēvē sodyum silikat (LSS: Na2O.2SiO2) 
ve %99,5 saflēkta gran¿le sodyum hidroksit 
(NaOH) kullanēlmēĸtēr. LSS, Ege 
Kimyasallarē Ltd. ķti.ôden ve NaOH, Merck 
Kimyasallarēôndan temin edilmiĸtir. 
Aktifleĸtirme ­alēĸmalarēnda mod¿l oranē 
NaOH kullanēlarak yapēlmēĸtēr. Deneysel 
­alēĸmalarda NaOH gran¿lleri ºnce suda 
­ºz¿lm¿ĸ, daha sonra atēk malzeme, y¿ksek 
fērēn c¿rufu ve sudan oluĸan karēĸēm 
ortamēna ilave edilmiĸtir.  
2.2 Macun Dolgu Malzemelerinin 
Hazērlanmasē 
Macun dolgu malzemeleri, tesis atēklarē, 
karēĸēm suyu, aktivatºrler ve baĵlayēcē 
malzemelerin, 20,8 litre kapasiteli bir 
mikserde (Univex SRMF20 Stand Model) 
karēĸtērēlarak homojenleĸtirilmesiyle 
hazērlanmēĸtēr. Karēĸtērma iĸlemi 105 
devir/dkôlēk dºnme hēzēnda 7 dakika s¿reyle 
yapēlmēĸtēr. Macun dolgu malzemelerinin 
baĸlangē­ slamplarē yaklaĸēk 7.5 in­ (190 
mm) slamp olarak hazērlanmēĸtēr.  

Macun dolgu numuneleri %6.5 baĵlayēcē 
oranēnda hazērlanmēĸtēr. Baĵlayēcē oranē, 
dolgu dizaynēnda toplam katē miktarēnēn 
(baĵlayēcē+atēk) aĵērlēk­a %ôsidir. 
Jeopolimer baĵlayēcēlarda baĵlayēcē faz (her 
bir farklē dizayn i­in kullanēlan malzemeleri 
kapsayacak ĸekilde); c¿ruf, sodyum silikatēn 

bileĸenleri olan sodyum oksit (Na2O) ve 
silisyum dioksit (SiO2) ile sodyum hidroksit 
kombinasyonlarēndan oluĸmaktadēr. Normal 
Portland ­imento i­in baĵlayēcē faz ise, 
belirli bir dizayn i­in dolgu b¿nyesindeki 
toplam katēnēn aĵērlēk­a %ôsidir. Dolgu 
dizaynlarēnda jeopolimer ve Normal 
Portland ­imento baĵlayēcē fazlarē aĵērlēk­a 
eĸittir (Cihangir, 2011). Ķki farklē atēk i­in 
macun dolgu malzemeleri normal Portland 
­imentosu, sēvē sodyum 
silikat+NaOH+y¿ksek fērēn c¿rufu ve 
NaOH+y¿ksek fērēn c¿rufu olmak ¿zere ¿­er 
farklē dizaynda hazērlanmēĸtēr. Normal 
Portland ­imento i­eren macun dolgu 
malzemeleri kontrol ama­lē olarak 
kullanēlmēĸtēr. 
2.3 Dayanēm Testleri 
6 farklē bileĸime ait macun dolgu 
malzemelerinden 10 cm x 20 cm 
boyutlarēnda ¿­er adet dolgu numunesi 
hazērlanmēĸtēr. Numunelerin dayanēm 
testleri, 28 g¿nl¿k k¿r s¿resi sonunda, 
y¿kleme kapasitesi 50 kN olan bilgisayar 
kontroll¿ tek eksenli basēn­ ve deformasyon 
ºl­er ¿nitesinde 0.5 mm/dk y¿kleme hēzēnda 
ASTM C 39 standardēna uygun olarak 
ger­ekleĸtirilmiĸtir. Elde edilen tek eksenli 
basēn­ dayanēmlarēnēn ortalamalarē alēnarak 
her numune grubunun ortalama dayanēmē 
hesaplanmēĸtēr. Atēk ve baĵlayēcē 
malzemelerin kombinasyonlarēndan oluĸan 
macun dolgu numunelerinin dolgu olarak 
kullanēlabilirliklerine yºnelik eĸik deĵer 
olarak 1.0 MPaôlēk dayanēm deĵeri esas 
alēnmēĸtēr (Cihangir, 2011). 
2.4 Ķĸlenebilirlik Testleri 

Hazērlanan 6 farklē bileĸime ait macun 
dolgu malzemelerinin 0-30-60-90 ve 120. 
dakikalarda ayrē ayrē slamplarē alēnmēĸtēr. 
Her malzeme, slamp ºl­¿m¿ alēndēktan 
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hemen sonra tekrar ilgili slamp alma 
s¿relerine kadar mikserde karēĸtērma 
iĸlemine tabi tutulmuĸtur.  

3 BULGULAR VE ĶRDELEME   
Jeopolimer baĵlayēcēlar ve normal Portland 
­imentosu ile hazērlanan macun dolgu 
numunelerinin dayanēm sonu­larē ķekil 5ôte 
verilmiĸtir. Jeopolimer baĵlayēcēlarla 
hazērlanan numuneler her iki atēk t¿r¿nde de 
28 g¿nl¿k k¿r s¿resi sonunda 1 MPaôlēk eĸik 

dayanēm deĵerini saĵlamēĸtēr. Normal 
Portland ­imentosu ile sadece ĸlamē 
uzaklaĸtērēlmēĸ atēktan hazērlanan macun 
dolgu numunelerinin eĸik dayanēm deĵerini 
saĵladēĵē gºr¿lm¿ĸt¿r. Ķri boyutlu atēklarēn 
kullanēlmasē durumunda, normal atēklardan 
hazērlanan dolgu numunelerine kēyasla daha 
y¿ksek dayanēm deĵerlerinin elde edildiĵi 
belirtilmektedir (Kesimal vd., 2003; Fall vd., 
2005; Er­ēkdē vd., 2013).

 

ķekil 5. Macun dolgu malzemelerinin dayanēm seviyeleri 

Normal atēk, normal Portland ­imento ve 
jeopolimer baĵlayēcēlar ile hazērlanan taze 
macun dolgu malzemelerinin ilk iki saat 
boyunca slamp seviyeleri ise ķekil 6ôda 
verilmiĸtir. 

Normal atēk ile ­imento kullanēlarak 
hazērlanan macun dolgu malzemelerinde 
zamana baĵlē olarak ­ok az (%1.3) 
iĸlenebilirlik kaybē olduĵu gºr¿lm¿ĸt¿r. 
Fakat bu iĸlenebilirlik kaybēnēn macun 
dolgunun taĸēnabilirlik ºzelliĵini 
etkilemeyeceĵi gºr¿lmektedir. 

Jeopolimer baĵlayēcēlar ile hazērlanan 
macun dolgu malzemelerinde ise herhangi 
bir iĸlenebilirlik kaybēnēn yaĸanmadēĵē, 
aksine iĸlenebilirliklerinde bir artma olduĵu 
gºr¿lmektedir. LSS-y¿ksek fērēn c¿rufu 
kullanēlarak hazērlanan malzemelerin 2 saat 
sonundaki slamp seviyesi yaklaĸēk 229 mm 
(9.0 in­) olmuĸtur. Dolayēsēyla 
jeopolimerlerin macun dolguda baĵlayēcē 
olarak kullanēlmasē durumunda macun dolgu 
malzemelerinin taĸēnmasē ve yeraltēndaki 
¿retim boĸluklarēna yerleĸmelerinin normal 
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­imentoya gºre biraz daha kolay olabileceĵi 
sºylenebilir. Aĸaĵēda ķekil 7ôde LSS-c¿ruf 

i­eren macun dolgu malzemesinin 0-2 saat 
arasēndaki slamp seviyeleri gºr¿lmektedir. 

 

ķekil 6. Normal atēktan hazērlanan macun dolgu malzemelerinin slamp seviyeleri 

   

   

ķekil 7. LSS-c¿ruf ile hazērlanan macun dolgu malzemesinin 0-2 saatlik kēvamlarē  

ķlamē uzaklaĸtērēlmēĸ atēk ile hazērlanan 
macun dolgu malzemelerinin slamp 
seviyeleri ise ķekil 8ôde ºzetlenmiĸtir. 
Normal atēkla hazērlanan macun dolgu 
malzemesinin kēvamēna benzer ĸekilde, ĸlam 
malzemesi uzaklaĸtērēlmēĸ atēktan hazērlanan 

macun dolgu malzemelerinde de benzer 
kēvam ºzellikleri elde edilmiĸtir. Normal 
Portland ­imentosu ile hazērlanan macun 
dolgu numunelerinin iĸlenebilirliklerinde 
baĸlangēca gºre yaklaĸēk %6ôlēk (slamp 7.5 
in­ôten 7.05 in­\17.91 mmôye d¿ĸme) bir 

2 saat sonra 1.5 saat sonra 

1 saat sonra Baĸlangē­ 
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kayēp olmuĸtur. Ancak bu durumun, benzer 
ºzelliklere sahip macun dolgu 

malzemelerinin nakliyesinde problem 
oluĸturmayacaĵē d¿ĸ¿n¿lmektedir.

 

ķekil 8. ķlamē uzaklaĸtērēlmēĸ atēktan hazērlanan dolgu malzemelerinin slamp seviyeleri 

Aktifleĸtirilmiĸ y¿ksek fērēn c¿rufu + 
NaOH ile hazērlanan numunelerin ilk 60 
dakika boyunca kēvamē azalmēĸ, bu s¿reden 
sonra ise artmēĸtēr. Ancak, iki saat sonundaki 
slamp seviyesi baĸlangē­ slamp seviyesinin 
¿zerindedir. LSS-c¿ruf i­eren malzeme ise 
en d¿ĸ¿k kēvama yani en y¿ksek 
iĸlenebilirlik ºzelliĵine sahiptir. 

Cihangir 2011, aktifleĸtirilmiĸ y¿ksek 
fērēn c¿rufu i­eren baĵlayēcēlarda hidratasyon 
esnasēnda, ­imentodan farklē olarak, c¿ruf 
taneciklerinin baĸlangē­ta ­ºz¿nerek 
ºncelikle jelimsi bir yapē oluĸtuĵunu, asēl 
sertleĸme iĸleminin ise ­ºz¿nme iĸlemi 
tamamlandēktan sonra baĸladēĵēnē 
belirtmiĸtir. Macun dolguda ­imento ve 
jeopolimer baĵlayēcēlarēn iĸlenebilirliklerinin 
normal taze beton/har­ malzemesi 
ºrneklerine gºre farklē davranēĸ 
sergilemesinin; i) macun dolguda 
su/baĵlayēcē oranēnēn normal beton 
ºrneklerine gºre daha y¿ksek olmasē; ii) 
suyun macun dolgu b¿nyesinde ­ok uzun 
s¿reler boyunca tutulmasē ve iii) jeopolimer 
baĵlayēcēlarēn sulu ortamlarda (macun dolgu 
i­in) farklē hidratasyon mekanizmasēna sahip 
olmasēndan kaynaklanabileceĵi 
d¿ĸ¿n¿lmektedir.  

Beton ºrneklerinde aynē kimyasal 
aktivatºrlerle (LSS, NaOH) hazērlanan taze 
beton/har­ numunelerinden, macun dolguda 
elde edilen sonu­lara zēt sonu­lar elde 
edilmiĸtir (Collins ve Sanjayan, 1999; Atiĸ 
vd., 2009). Belirtilen ­alēĸmalarda LSS ve 
NaOH i­eren jeopolimer ­imentolarla 
hazērlanan taze beton ºrneklerinde ilk 1 saat 
i­erisinde ºnemli derecede iĸlenebilirlik 
kayēplarē (slamp kaybē) gºr¿lm¿ĸt¿r. 

Ķĸlenebilirlik deĵerlerinin beton ve macun 
dolgu sistemlerinde farklē ºzellik 
sergilemesinin, bu iki sistemin birbirinden 
farklē olmasēndan ve sistemlerin farklē 
­alēĸmasēndan kaynaklandēĵē sºylenebilir 
(Benzaazoua vd., 2004).  

4 SONU¢LAR 
Bu ­alēĸmada normal ve ĸlamē 
uzaklaĸtērēlmēĸ atēk ile hazērlanan macun 
dolgu malzemelerinde baĵlayēcē olarak 
kullanēlan normal Portland ­imento ve 
jeopolimer baĵlayēcēlarēn dayanēm ve 
iĸlenebilirlik ºzellikleri araĸtērēlmēĸtēr.  

Bu atēklardan normal Portland ­imentosu 
kullanēlarak hazērlanan macun dolgu 
malzemelerinde zamana baĵlē olarak d¿ĸ¿k 
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oranlarda (%1-6) iĸlenebilirlik kaybē 
gºr¿lm¿ĸt¿r.  

Jeopolimer baĵlayēcēlar ile hazērlanan 
macun dolgu malzemelerinde ise 
iĸlenebilirlik kaybē gºr¿lmemiĸ, aksine 
jeopolimer baĵlayēcēlarēn macun dolgu 
malzemelerinin iĸlenebilirliklerini ilk 
saatlerde artērdēĵē gºr¿lm¿ĸt¿r. Sēvē sodyum 
silikat ile hazērlanan macun dolgu 
malzemelerinin NaOH ile hazērlanan 
malzemelerin iĸlenebilirliklerinden daha iyi 
olduĵu gºr¿lm¿ĸt¿r. 

Jeopolimer baĵlayēcēlar ile hazērlanan 
macun dolgu malzemelerinin 
iĸlenebilirliklerinin artmasēnēn, bu t¿r 
baĵlayēcēlarda baĸlangē­ta hemen 
hidratasyonun ger­ekleĸmemesi, baĵlayēcē 
c¿ruf tanelerinin baĸlangē­ta ­ºz¿nerek 
matrix i­erisinde jelimsi yapēya 
dºn¿ĸmesinden kaynaklandēĵē 
d¿ĸ¿n¿lmektedir. 
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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 produced 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. 
 

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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Î Lithology and structure of affected 
formations. 

Î Tectonic features detected or suspected. 
Î Levels of alteration of the rock surface. 
Î 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. 

Î    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). 

 
 

 
 

 
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 (l/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. 



494

F.J.G. Marquez, E.M.R. Macias

6 

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. 
 
 
 
 
 
 
 

  
 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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Figure 5: Graphic of cumulative and relative displacement

 Figure 6:Time evolution record of the horizontal movements. 
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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. 

 
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: 

Ò 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. 

Ò 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: 
 
Ò 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. 

 
Ò 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. 

Ò 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: 
 
Ò Level 1 (attention) 

Î 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). 

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

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

Ò Level 2 (alert) 

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

Î Visual inspection according to the same 
criteria described above. 

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

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

Î Reviewing calculation processes. 
 

Ò Level 3 (alarm) 

Î 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. 

Î Placing additional instrumentation if 
necessary. 

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

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

Î 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. 

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: 
 
Ò 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. 

Ò 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. 

Ò 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 ¢ayeli Bakēr Ķĸletmeleri A.ķ. (¢BĶ) 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.  

¢BĶ has recently utilized a specialized mine scheduling software to manage complex 
underground scheduling work. This paper will briefly explain ¢BĶôs transition to scheduling, 
how the software was enhanced with the mineôs 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 plannersô 
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 ¢ayeli underground mine, operated by 
¢ayeli Bakēr Ķĸletmeleri A.ķ., is a wholly 
owned subsidiary of Inmet Mining 
Corporation. The town of ¢ayeli 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. ¢BĶ 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 ¢ayeli 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 65Á NNW in the upper part of the 
deposit and approximately 50Á 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 ¢ayeli 
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 ¢BĶ 

2 MINE PLANNING 
All mine production plans at ¢BĶ 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 ¢BĶ 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 ¢BĶ 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 ñto do listò is being prepared for them. 

Some of the features of the LOM plan at 
¢BĶ are: 

Å Tonnes ramp down toward end of 
mine life but a sharp finish is required. 

Å Fixed mining sequence for each block 
is used. 

Å Waste development scheduling starts 
after scheduling stopes. 

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

Å Waste development: 
ï Schedule in months. 
ï Check waste development 

meters & number of headings. 
Å Correlation between production & 

proportions of backfill types.  
Å Milestones highlighted for mining 

areas. 
Å Check quantity of development on 

each level. 
Å Strengths, weaknesses, opportunities 

and threats are identified for each 
block. 

Å Correlation between production & 
rehab. 

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

Å 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 

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 
¢BĶ are: 

Å Dilution & recovery: 
ï Historical measurements for 

stoping blocks are used, and, 
ï Different factors are used for 

primary, secondary, & tertiary 
stopes. 

ï Dilution factor: 5.06% 
(excluding internal dilution) 

ï Recovery factor: 94.22% 
(permanent ore loss) 

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

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

Å A buffer is being built into schedule 
through rates: 

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

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

Å Plan from top of mine down: 
ï Upper stopes have higher grade 

but limited stopes can be mined 
due to seismic activity. 

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

Å Run through checks: 
ï Tonnes & number of stopes 

from each mining area against 
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previous performance. Reasons 
for steps up or down are being 
explained. 

ï Trucking & hoisting tonnes are 
being split. 

ï Ore type distribution is being 
presented. 

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

Å Once the Budget is completed, it is 
communicated with the mine 
management. 

Å Risks & opportunities are being 
highlighted. 

Å Backfill calculations are being based 
on historical records. 

Å Production is being prioritized over 
waste development. 

Å 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. 

 
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:  
Å 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. 

Å Are extended into January of the 
following year. 

Å Focus on production ï to catch up to 
budget. 

Å Updates (for all longer term 
schedules): 

ï Development from survey 
updates. 

ï Stope status from operations & 
geotechnical engineers & 
geologists. 

2.2.2 3-Monthly Plans 
This schedule contains the mineôs monthly 
plan for execution. The first month of the 3-
month schedule is prepared in detail as 
following: 

Å Stopes are sequenced by zone. 
Å Aim is to keep on track with budget & 

reforecast budget. 
Å Targeting budget tonnes & grade. 
Å Number of stopes is considered. This 

is a production limit. 
Å Stope cycle time is considered along 

with predecessor activities. 
Å High risk stopes are identified. 
Å Stopes & development are scheduled. 
Å Plan is discussed with the Mining and 

Engineering superintendents. 
Å Geology reviews the ore type.  
Å Priorities are highlighted for each 

activity when schedule is presented. 
Å The following is listed in weeks: 

ï Ore headings (tonnes, grade, & 
some  comments) 

ï Stopes (tonnes, grade, & some  
comments) 

ï Waste headings (number of 
cuts) 

ï Rehab sites (type of rehab 
indicated only).  

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

Å Plan updated:  
ï Survey plans & AutoCAD  
ï Underground measurements & 

inspections. 
Å Priorities communicated verbally & 

via e-mail for some priorities. 
Å 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: 

Å 1st month of 3 month schedule is taken 
into consideration. 

Å The following is considered when 
developing the schedule: 

ï Balancing haulage methods 
ï Achieving physical ore 

production targets for the week 
ï Predecessor activities to bring a 

stope on line 
ï Equipment utilization & 

availability 
ï Labor resources 
ï Un-planned events & how to 

get back on track to achieve 
targets. 

Å Next monthôs stopes can be used to 
substitute this monthôs stopes. 

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

Å Focus is on achieving target 
production tonnes for the week. 

Å Weekly grade targets are also 
considered. 

 
 
 
 

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. 

¢BĶ has recently utilized a specialized 
mine scheduling software, Gemcomôs 
MineSched, to manage the mineôs complex 
underground scheduling work. This paper 
will briefly explain ¢BĶôs transition to 
scheduling with MineSched, how the 
software was enhanced with the mineôs 
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 Planning Process 
Strengths at ¢BĶ 
The thought processes is generally adequate 
to create robust schedules: 

Å Formalized processes through full 
scheduling cycle. 

Å 3 month schedule focuses on bringing 
budget stopes on line. Focus is on 
stopes not on reaching targets for 
equipment. 

Å Priorities are being assigned to certain 
activities. 

Å Generally a focus on locations not on 
equipment. 

Å Good understanding & 
communication between mine 
planning & operations. 

3.2 Mine Planning Process Weaknesses 
Identified at ¢BĶ 
The following were identified to be the 
weaknesses of the planning and scheduling 
system of ¢BĶ: 

Å Communicating schedules: Sequences 
of events are in mine plannersô heads. 

Å Activity dependences: No activity 
links thus activity successors & 
predecessors are unclear. This leads to 
oversights in scheduling & execution. 

Å Resourcing & timing: It cannot be 
known if a schedule is robust or even 
feasible if not scheduled in an 
appropriate time resolution. 

Å 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. 

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

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

Å Compliance to monthly plan is around 
65%. 

Å Budget: 
Å Waste development quantity 

decided by set waste 
development capacity. 

Å Historical waste development 
rates used for budget rates. 

3.3 Improvements Required 
The following critical improvements have 
been identified: 

Å Stop using lists & start using 
schedules.  

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

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

Å Schedule compliance 
ï Schedule compliance to be the 

key performance criteria for the 
mine with a commitment from 
top down. 

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

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

Å Noncompliance: root cause formal 
identification process. 

ï Identify noncompliance due to 
lack of planning. 

Å Input from all areas into all mine 
schedules.  

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

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

ï Not based on historical rates. 
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Å Year look ahead in addition to the 
budget. 

ï Maintain budget detail for 2 
years ahead. 

Å Budget reforecast:  
ï Include a reforecast for the 1st 

quarter. 
Å Include bottleneck in schedule. 

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

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

ï Include all significant activities 
including: ore development, 
waste development, production, 
production drilling, raise 
drilling, major fixed plant 
shutdowns, barricades, 
backfilling, rehab, major 
project/services. 

ï Schedule should be presented in 
weeks. 

ï Data entered appropriate for 
weekly resolution. 

ï Links between activities. Clear 
stope dependences.  

ï Issue a draft before planning 
meeting.  

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

ï Formal commitment to 1st 
month. 

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

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

ï Clear communication of 3 
month schedule. 

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

Å Reporting of actuals to match 
schedule formats. 

 
One of the most significant outcomes of 

this technical forum was to speed up and 
progress with the mine scheduling tool.  

4 SCHEDULING SOFTWARE 
Itôs 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 

within a year and the amount of time needed 
for them are listed below:   

Å Monthly and 3 months plan ï 12 times 
(12 weeks) 

Å Quarterly forecasts ï 3 times (3 
weeks) 

Å Budget ï 1 time (6 weeks) 
Å LOM Plan ï 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 
ñwhat ifò 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 ¢BĶ was the most critical risk. 
The most practical and efficient system that 
fits to the following was important: 

Å Underground mining 
Å ¢BĶôs mining method and conditions 
Å Working compatible with planning 

tool MineSight 
Å Scheduling for both short and long 

term 
Normally the best approach would be to 

purchase the scheduler of MineSight, which 
was ¢BĶôs existing geological modeling and 
planning tool, not to have compatibility 
issues, however, Mintecôs 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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Itôs been decided to purchase and 
implement Gemcomôs MineSched after an 
evaluation process. 

5 IMPLEMENTATION OF 
MINESCHED AT ¢BĶ 

Itôs been realized during the implementation 
and training period of MineSched that the 
software was not completely fulfilling 
mineôs 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 mineôs 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 ¢BĶôs specific needs. 

5.1 Enhancements Requested and 
Implemented in MineSched 
A number of new enhancements for 
MineSched have been created after ¢BĶôs 
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 ¢BĶ 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 ¢BĶ, 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).  
 

 
Figure 4. Display of ñas buildò 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 ¢BĶ 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 ï paste fill ï etc). 
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5.2 Preparation of 2013 Budget and LOM 
Plan with MineSched 
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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 is 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 ¢BĶ 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 OF MINE 
SCHEDULING AT ¢BĶ 

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 Evaluation of Scheduling 
Options 
It is easier with the use of MineSched to 
assess multiple alternatives to determine the 
optimum development sequence. It enables 
rapid response to ówhat if?ô 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 
Q1, Q2 and Q3 forecastsô preparations. 
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Figure 8. Development strings loaded 

 Figure 9. Stopes by different zones 
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Figure 10. Activities 

Figure 11. Stockpiles 
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   Figure 12. Sequencing 

   Figure 13. Production rates 



515

23rd International Mining Congress & Exhibition of Turkey Å 16-19 April 2013 ANTALYA

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

Now, ¢BĶ 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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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 Atēcē, 1999; Karagºz and Zeren, 
2001; Xu, 2001; Denkena et al., 2003; Ersoy 
et al., 2005; Buyuksagēs, 2007), cut-ability 
(Wright and Jennings, 1989; Buyuksagēs, 
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; Yaĸētlē, 2008; Yēlmaz 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 (¥z­elik et 
al., 2005; Nalbant et al., 2007; ¢aydaĸ and 
Has­alēk, 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 Ĭ 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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Rock Type 
Mineral Grain Size (mm) Prp. 

(%) Min. Max. Mean 
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Table 1 continued 

Rock Type Mineral 
Grain Size (mm) 

Prp. 
(%) Min. Max. Mean 

Nero 
Zimbabwe 

Plagioclase 0.24 3.36 1.7 48 
Pyroxene 0.24 2.40 1.6 40 
Biotite 0.16 0.32 0.2 4 
Opaque 0.04 0.80 0.1 8 

Bergama Gri 

Plagioclase 0.32 4.6 1.2 43 
Alkali feldspar (orthoclase) 0.32 2.98 1.3 20 
Quartz 0.24 3.60 1.2 19 
Biotite 0.24 1.60 0.4 10 
Amphibole 0.24 1.60 0.4 6 
Other and sec. components 0.24 0.80  2 

Star Galaxy 

Plagioclase 0.24 5.20 1.5 40 
Pyroxene 0.24 3.60 1.3 39 
Biotite 0.16 3.20 0.4 10 
Amphibole 0.08 0.36 0.1 7 
Other and sec. comp. 
(quartz, opaque) 0.08 1.36  4 

 
Cutting tests were performed on a high 
precision experimental cutting machine (Fig. 
1).  
 

 

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 cm2/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 
(Ra), the root-mean-square (rms) roughness 
(Rq) and the maximum peak-to-valley 
roughness (Rmax), etc. Ra is defined as the 
arithmetic value of the profile from 
centerline along the sampling length 
(¥z­elik 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. 

 
 

 

 

 

 

 

 

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 

Plagioclase content 
(%) 

SR = 0.0362x + 3.7661 0.3698 
SR = 0.9552 Ln(x) + 1.6822 0.3462 
SR = 2.3293 x0.2179 0.3458 
SR = 3.7659 e0.0081x 0.3538 

Feldspar content 
(%) 

SR = -0.0213 x + 5.4558 0.2940 
SR = 5.4611 e-0.0046x 0.2600 

Quarts content (%) SR = -0.028 x + 5.2954 0.1932 
SR = 5.3296 e-0.0066x 0.2060 

Biotite content (%) 

SR = -0.0692 x + 5.3245 0.0896 
SR = -0.4517 Ln(x) + 5.6766 0.0783 
SR = 5.9343 x-0.1157 0.0987 
SR = 5.4323 e-0.018x 0.1161 

Mean grain size of 
plagioclase (mm) 

SR = -0.3233 x + 5.3878 0.0210 
SR = -0.7274 Ln(x) + 5.2189 0.0369 
SR = 5.1605 x-0.1457 0.0284 
SR = 5.3148 e-0.0623x 0.0150 

AC adapter 
The measured 
and/statistical data is 
printed out 

The detector stylus 
traces the workpiece 
surface 

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

The electrical signals 
are subjected to various 
calculation processes 

The calculation results 
(surface roughness) are 
displayed on the touch  

Detector traverse 
direction 
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Mineralogical 
Properties Regression equation R2 
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oluĸturmaktadēr, ii) yer¿st¿ tasman 
oluĸumunu minimize etmektedir ve iii) tesis 
atēklarēnēn yeraltēnda depolanmasēnē 
saĵlamaktadēr. ¢imentolu macun dolgunun 
iĸletme maliyetleri kaya ve hidrolik dolguya 
kēyasla daha d¿ĸ¿k olup, tesis atēklarēnēn 
%65-70ôinin yeraltē ¿retim boĸluklarēnda 
depolanmasēna imkan saĵlamakta ve yer¿st¿ 
atēk depolama ve rehabilitasyon maliyetlerini 
azaltmaktadēr. Uygun bir atēk yºnetimi 
yºntemi olan macun dolgu ayrēca, atmosferik 
koĸullar altēnda depolanmasē durumunda 
­evresel problemlere (AMD oluĸumu vb.) 
yol a­abilecek s¿lf¿rl¿ atēklarēn emniyetli bir 
ĸekilde depolanmasēnē saĵlamaktadēr 
(¢etiner vd., 2006, Ak­il ve Koldaĸ, 2006).            

¢imentolu macun dolgu; ince boyutlu 
cevher zenginleĸtirme atēklarē (aĵērlēk­a katē 
oranē %75-85), baĵlayēcē (katē miktarēna gºre 
aĵērlēk­a %3-8) ve istenen akēĸkanlēĵē ve katē 
oranēnē (%70-80) saĵlamak i­in ilave edilen 
suyun baĸarēlē bir karēĸēmē olarak ifade 
edilmektedir. Dolguyu oluĸturan bileĸenlerin 
(atēk, baĵlayēcē ve karēĸēm suyu) fiziksel, 
kimyasal ve mineralojik karakteristiĵi 
dolgunun kēsa ve uzun dºnem performansē 
(dayanēm, duraylēlēk vb.), taĸēnmasē ve 
yeraltē ¿retim boĸluklarēna yerleĸtirilmesi 
a­ēsēndan ºnemli bir rol oynamaktadēr. Tek 
eksenli basēn­ dayanēmē (UCS) ve duraylēlēk 
(uzun dºnemde fiziksel ve kimyasal etkilere 
karĸē b¿t¿nl¿ĵ¿n¿ korumasē) ­imentolu 
macun dolgu kalitesini belirleyen en ºnemli 
parametrelerdir. Ķstenen limit dayanēm 
deĵerleri dolgunun yeraltēndaki iĸlevine 
baĵlēdēr. ¥rneĵin, yeraltē ¿retim boĸluĵuna 
yerleĸtirilen macun dolgunun yan odalarēn 
¿retimi ve dolgu ile doldurulmasē iĸlemleri 
tamamlanēncaya kadar ge­en s¿rede kendi 
stabilitesini saĵlamasē i­in 28 g¿nl¿k k¿r 
s¿resinde en az 0,7 MPa dayanēma sahip 
olmasē ve 90 g¿n boyunca duraylēlēĵēnē 
korumasē gerekmektedir (Brackebusch, 
1994). Tavan tahkimatē i­in ise en az 4 MPa 
dayanēma sahip olmalēdēr. Ayrēca daha erken 
k¿r s¿resinde dayanēmēn kazanēlmasē 
madencilik iĸlemlerini (ocaĵēn dºng¿ s¿resi) 
kēsaltmakta ve ¿retim iĸlemlerini 
hēzlandērmaktadēr. 

Dolgunun dayanēm ve durabilitesi dolguyu 
oluĸturan bileĸenlerin fiziksel (tane boyut 

daĵēlēmē, ºzg¿l aĵērlēĵē vb.), kimyasal 
(baĵlayēcē tipi vb.) ve mineralojik (pirit ve kil 
minerali i­eriĵi vb.) ºzellikleri ve yeraltē k¿r 
koĸullarē (sēcaklēk, yanal basēn­ etkisi, 
konsolidasyon, patlatma kaynaklē titreĸimler 
vb.) ile iliĸkilidir. Son yēllarda dolguyu 
oluĸturan bileĸenlerin ºzelliklerinin ve yeraltē 
k¿r koĸullarēnēn dolgu performansēna 
etkisine yºnelik ­ok sayēda ­alēĸma 
ger­ekleĸtirilmesine karĸēn numune 
boyutunun etkisi gºzardē edilmiĸtir. Bu 
­alēĸmada aynē boy/­ap oranēna (2:1) sahip 
farklē numune boyutlarēnēn dolgu dayanēmēna 
etkisi detaylē olarak incelenmiĸtir. 

1.1 Numune Boyutunun ¥nemi 
Numune boyutunun kaya ve ­imento i­erikli 
(beton ve dolgu) malzemelerin mekanik 
performansēnē etkilediĵi belirtilmiĸtir.  Brace 
(1981) ve Hoek (2000), kayalarda 
numunenin boyutu arttēk­a, diĵer bir ifade ile 
hacmi arttēk­a, kaya i­erisindeki muhtemel 
mikro ­atlak sayēsēnēn ve zayēflēk 
d¿zlemlerinin arttēĵēnē ve dayanēmēn 
d¿ĸt¿ĵ¿n¿ ifade etmiĸtir. Darlington vd. 
(2011), numune boyutunun betonun 
dayanēmēna etkisini araĸtērmak i­in boy/­ap 
oranē 2:1 olan farklē boyutlarda beton 
numunesi hazērlamēĸtēr. 28 g¿nl¿k k¿r s¿resi 
sonunda ger­ekleĸtirilen tek eksenli basēn­ 
dayanēm testi, 6,35x12,7 cm (­ap x boy) 
boyutundaki numunelerin 8,35x16,7 cm 
boyutundaki numunelere kēyasla yaklaĸēk 
%10 daha fazla dayanēm ¿rettiĵini 
gºstermiĸtir. Benzer ĸekilde Felekoĵlu ve 
T¿rkel (2005), numune boyutunun beton 
ºrneklerinin dayanēmēna etkisini araĸtērmak 
amacēyla farklē boyuttaki (boy/­ap oranē:2) 
numuneler ¿zerinde dayanēm testi 
ger­ekleĸtirmiĸtir. Araĸtērmacēlar, 10x20 cm 
(­apxboy) boyutundaki numunelerin 15x30 
cm boyutundaki numunelere kēyasla 28 
g¿nl¿k k¿r s¿resi sonunda daha y¿ksek 
(%3.6-21.8 oranēnda) dayanēm ¿rettiĵini ve 
bunun nedeninin k¿­¿k boyutlu numunelerde 
ñ­eper etkisiò nedeniyle iri agrega tanelerinin 
askēda kalmasē (kalēba s¿rt¿nmeden dolayē) 
sonucu oluĸan d¿ĸ¿k kompaksiyondan 
kaynaklandēĵē belirtilmiĸtir. Ayrēca iri taneli 
malzemelerin boyutu, ĸekli (yuvarlak ve 
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kºĸeli olmasē) ve kenetlenme derecelerinin 
de dayanēm kazanēmēnda etkili olduĵu 
bilinmektedir.  

Hassani vd. (2007), ¿­ farklē ­imentolu 
dolgu tipinde (atēk- kum karēĸēmē dolgu, 
agrega karēĸēmlē macun dolgu ve kaya dolgu) 
farklē ­aplardaki silindirik numunelerin 
dayanēm testlerini yapmēĸlardēr. Kaya dolgu 
ile hazērlanan ºrneklerin dayanēmē numune 
boyutunun artmasēyla birlikte azalmēĸtēr. 
Atēk-kum karēĸēmē dolgu ile hazērlanan 
numunelerin dayanēmē ise 15,2 cm ­apa 
sahip numune boyutuna kadar artmēĸ, fakat 
daha sonra ºrnek boyutunun artmasēyla 
birlikte dayanēm azalmēĸtēr. Agrega karēĸēmlē 
macun dolgu ile hazērlanan numunelerin 
dayanēmlarēnda ise boyut etkisinin gºzardē 
edilebilecek seviyede olduĵu tespit 
edilmiĸtir. 

¢imentolu macun dolgu numunelerinin 
tek eksenli basēn­ dayanēmē genellikle 10x20 
cm (­ap x boy) boyutundaki silindirik 
numunelerden elde edilmektedir 
(Benzaazoua vd., 1999, Hassani vd., 2001; 
Kesimal vd., 2004, Fall vd., 2008; Tariq ve 
Nehdi, 2007; Yēlmaz vd., 2009; Er­ēkdē vd., 
2010a,b; Cihangir vd., 2012; Yin vd., 2012). 
Ayrēca tesis uygulamalarēnda da maden 
operatºrleri macun dolgu karēĸēm dizaynēnē 
10x20 cm boyutundaki numuneden elde 
ettikleri dayanēm sonu­larēna gºre 
yapmaktadērlar (Landriault ve Deneka, 2000; 
Benzaazoua vd., 2005; Kesimal vd., 2010, 
2012). Son yēllarda bazē araĸtērmacēlar (Klein 
ve Simon, 2006; Fall ve Pokharel, 2010; Fall 
vd., 2010) kullanēlan atēk malzeme miktarēnē 
ve iĸ y¿k¿n¿ azaltmak i­in boy/­ap oranē 2:1 
olan 5x10 cm (­ap x boy) boyutundaki 
numuneleri dayanēm testine tabi 
tutmaktadērlar. Ancak araĸtērmacēlar numune 
boyutunun kaya ve betonda olduĵu gibi 
­imentolu macun dolgu dayanēmē ¿zerinde 
de etkisinin olabileceĵini gºz ºn¿nde 
bulundurmamēĸlardēr. Benzer ĸekilde 
yeraltēndan alēnan macun dolgu karot 
ºrneklerinin boy/­ap oranē 2:1 olmasēna 
karĸēn boyutu k¿­¿k (NX boyutlu) 
olabilmektedir. Revell (2004), numune 
boyutunun ­imentolu macun dolgu 
dayanēmēna etkisini araĸtērmak amacēyla 
boy/­ap oranē 2:1 olan 10x20 cm ve 4x8 cm 

(­ap x boy) boyutundaki silindirik numune 
kaplarēnē kullanarak %6 baĵlayēcē oranēnda 
numuneler hazērlamēĸ ve 7-28 g¿nl¿k k¿r 
s¿relerinde dayanēm testine tabi tutmuĸtur. 
4x8 cm boyutundaki numuneler 10x20 cm 
boyutundaki numunelere kēyasla %6-10 
oranēnda (7 ve 28 g¿nl¿k) daha y¿ksek 
dayanēm ¿retmiĸtir. 

2 DENEYSEL ¢ALIķMALAR 
2.1 Atēk Malzeme  
Atēk malzeme, Eti Bakēr Kastamonu ï K¿re 
iĸletmesi atēk barajēndan alēnmēĸ, belli bir 
miktarē hidrosiklon vasētasēyla sēnēflandērma 
iĸlemine tabi tutularak ince (ĸlam) boyutlu 
malzeme uzaklaĸtērēlmēĸ ve 500 kg kapasiteli 
varillere doldurularak KT¦ Macun Dolgu 
Laboratuarēna getirilmiĸtir. 

Malvern Mastersizer ile atēk malzemeler 
¿zerinde yapēlan tane boyut daĵēlēmē analizi 
sonu­larēna gºre 20 Õm altē malzeme miktarē 
referans baraj atēĵē i­in %58,42, 
sēnēflandērēlmēĸ (ĸlamē uzaklaĸtērēlmēĸ) baraj 
atēĵē i­in %35,04 olarak belirlenmiĸtir (ķekil 
1). Referans baraj atēĵēnēn ince boyutlu 
macun dolgu malzemesi (malzemenin 
aĵērlēk­a %60-90ô <20 Õm) sēnēfēna yakēn 
seviyede olduĵu, sēnēflandērēlmēĸ atēĵēn ise 
orta taneli macun dolgu malzemesi 
(malzemenin aĵērlēk­a %60-90ô <20 Õm) 
sēnēfēna girdiĵi gºr¿lmektedir. Ķri taneli 
atēklarēn drenaj yoluyla daha fazla su 
bēraktēĵē ve ince taneli atēklara kēyasla daha 
y¿ksek dayanēm ¿rettiĵi belirtilmektedir. 

 

ķekil 1. Atēklarēn tane boyut daĵēlēmlarē 
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Atēklarēn kimyasal bileĸimi XRF ve yaĸ 
kimyasal analiz sonucu ICP AES cihazē ile 
s¿lf¿r i­eriĵi ise gravimetrik analizle 
belirlenmiĸtir (Tablo 1). Referans ve 
sēnēflandērēlmēĸ baraj atēklarēnēn s¿lf¿r i­eriĵi 
olduk­a y¿ksektir. Sēnēflandērma iĸlemi 
(ĸlam uzaklaĸtērma) sonucu ince 
fraksiyonlardaki silikat minerallerinin 
uzaklaĸmasēyla baraj atēĵēnēn SiO2+Al2O3 
i­eriĵi azalmēĸ ve s¿lf¿r i­eriĵi artmēĸtēr 
(%27.82). ¥rneĵin, atēk i­erisindeki ince 
malzeme miktarēnēn azalmasēyla baraj 
atēĵēnēn SiO2+Al2O3 i­eriĵi %32,48ôden 
%26,63ôe d¿ĸm¿ĸt¿r. Ayrēca atēk i­erisindeki 
iri tane miktarēnēn artmasēyla birlikte ºzg¿l 
y¿zey alanēn azaldēĵē ve ºzg¿l aĵērlēĵēn 
arttēĵē gºr¿lm¿ĸt¿r.   

Tablo 1. Atēklarēn kimyasal ve fiziksel 
bileĸimi 

2.2 Baĵlayēcē Malzeme 
Deneysel ­alēĸmalarda baĵlayēcē malzeme 
olarak; Ak­ansa ­imento fabrikasēndan temin 
edilen Portland (CEM I 42,5) ve s¿lfata 
dayanēklē ­imento (SD¢ 32,5) ile 
Kar­imsaôdan temin edilen y¿ksek fērēn 

c¿ruflu ­imento (CEM III/A 42,5 N) 
kullanēlmēĸtēr. Kullanēlan baĵlayēcēlarēn 
kimyasal, fiziksel ve mineralojik ºzellikleri 
Tablo 2ôde verilmiĸtir. CEM III/A 42.5 N 
tipi ­imento dayanēm ve duraylēlēĵē artērmak 
ve baĵlayēcē maliyetlerini azaltmak i­in %35 
oranēnda ºĵ¿t¿lm¿ĸ y¿ksek fērēn c¿rufu 
i­ermektedir.  

CEM I 42,5 tipi ­imentonun kalsiyum 
silikat i­eriĵi (C3S ve C2S) SD¢ 32,5ôe yakēn 
olmasēna karĸēn alkali-silika ve asit/s¿lfat 
etkisi gibi zararlē kimyasal reaksiyonlarda 
ºnem arz eden C3A i­eriĵi y¿ksektir. S¿lf¿r 
i­eriĵi y¿ksek atēklardan ¿retilen macun 
dolguda asit ve s¿lfat etkisi nedeniyle 
oluĸabilecek duraylēlēk kaybēnē engellemek 
i­in C3A i­eriĵi d¿ĸ¿k veya mineral katkē 
maddesi (c¿ruf vb.) i­eren baĵlayēcēlarēn 
kullanēlmasē ºnerilmektedir. Ancak bu 
­alēĸmada uzun dºnem dayanēm testleri 
yapēlmadēĵēndan baĵlayēcēlarēn olasē asit ve 
s¿lfat etkisine karĸē performanslarē 
deĵerlendirilmemiĸtir.        

Tablo 2. Baĵlayēcēlarēn fiziksel, kimyasal ve 
mineralojik ºzellikleri 

¥zellikler  CEM I 42,5 
(%) 

CEM III/A 
42,5 N (%) 

SD¢ 32,5 
(%) 

Kimyasal bileĸim  
SiO2 20,57 27,58 20,88 
Al2O3 4,81 7,04 3,84 
Fe2O3 3,67 2,37 4,52 
MgO 1,35 3,91 1,49 
SO3 2,97 2,91 2,84 
CaO 65,27 52,75 64,56 
Na2O 0,41 0,25 0,31 
K2O 0,85 1,06 0,67 
TiO2 0,45 0,40 0,33 
P2O5 0,13 0,03 0,10 
MnO 0,11 1,00 0,12 
Cr2O3 0,075 0,015 0,177 
Serbest CaO 1,19 - 0,43 
Kēzdērma 
kaybē 2,1 2,8 2,8 

Toplam 99,90 99,87 99,87 
Fiziksel ºzellikler 
¥zg¿l aĵērlēk 3,14 3,08 3,27 
¥zg¿l y¿zey 
(cm2/g) 4335 4260 3170 

Mineralojik bileĸim 
C3S 58,44 - 61,96 
C2S 14,95 - 13,18 
C3A 6,54 - 2,54 
C4AF 11,16 - 13,74 

¥zellikler 
Baraj 
atēĵē 
(%) 

Sēnēflandērēlmēĸ 
baraj atēĵē  

(%) 
Kimyasal bileĸim    
SiO2 25,80 21,21 
Al2O3 6,68 5,42 
Fe2O3 39,83 45,43 
MgO 2,14 2,21 
CaO 2,79 1,64 
Na2O 0,35 0,24 
K2O 0,42 0,31 
TiO2 0,43 0,38 
P2O5 0,03 0,03 
MnO 0,06 0,05 
Cr2O3 0,02 0,017 
Kēzdērma kaybē 20,6 21,9 
Toplam  99,15 98,84 

   
S¿lf¿r i­eriĵi (S-2) (%) 23,18 27,82 
Pirit i­eriĵi (FeS2) (%) 43,47 52,16 
Fiziksel ºzellikler   
¥zg¿l aĵērlēk 3,66 3,81 
¥zg¿l y¿zey (cm2/g) 4630 1810 
Eĵrilik katsayēsē 
 (Cc=(D30)2/(D10 ĬD60) 

0,99 1,74 

¦niformluk katsayēsē 
 (Cu=(D60/D10) 

11 10,84 
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2.3 Numune Hazērlama ve Dayanēm Testi 
Atēk, baĵlayēcē ve su kullanēlarak farklē 
karēĸēm ºzelliklerinde (farklē baĵlayēcē oranē, 
su/­imento oranē vb.) hazērlanan 5x10 cm ve 
10x20 cm boyutundaki macun dolgu 
numuneleri ºnceden belirlenmiĸ k¿r s¿releri 
(7, 14, 28 ve 56 g¿n) sonunda tek eksenli 
basēn­ dayanēmē testine tabi tutulmuĸtur. 
Baĵlayēcē malzeme karēĸēma, deneylerde 
kullanēlan slamp deĵerlerine karĸēlēk gelen 
katē oranlarēna (%73,58-80,17) gºre 
hesaplanarak ilave edilmiĸtir. Macun dolgu 
karēĸēmēnēn istenen akēĸkanlēĵa (kēvama) 
gelmesi i­in karēĸēm i­erisine gerekli 
miktarda musluk suyu ilave edilmiĸtir. 
Karēĸēmēn (atēk malzeme, baĵlayēcē ve su) 
homojen bir ĸekilde hazērlanmasē i­in 20,8 lt 
kapasiteli Univex SRMF 20 model mikser 
kullanēlmēĸtēr. Karēĸtērma iĸlemi 105 
devir/dkôlēk dºnme hēzēnda 7 dakika s¿reyle 
yapēlmēĸtēr.  

Baĵlayēcē oranēnēn etkisi %5, 6 ve 7 
­imento oranēnda ve sabit akēĸkanlēkta (19,05 
cm slamp) deĵerlendirilmiĸtir. Su/­imento 
oranēnēn etkisi sabit baĵlayēcē oranēnda ve 
farklē su ­imento oranlarēnda (4,62, 4,87 ve 
5,13) incelenmiĸtir. Baĵlayēcē tipinin 
dayanēma etkisi sabit baĵlayēcē oranē (%7) ve 
akēĸkanlēkta (19,05 cm slamp) farklē 
baĵlayēcēlar (CEM I 42,5, CEM III/A 42,5 N 
ve SD¢ 32,5) kullanēlarak araĸtērēlmēĸtēr. 
Tane boyut daĵēlēmēnēn etkisi ise sabit 
baĵlayēcē oranē (%7), akēĸkanlēk (19,05 cm 
slamp) ve ­imento tipinde (CEM III/A 42,5 
N) referans baraj atēĵē ve ĸlamē 
uzaklaĸtērēlmēĸ (sēnēflandērēlmēĸ) baraj atēĵē 
kullanēlarak deĵerlendirilmiĸtir.      

Hazērlanan macun dolgu karēĸēmē 5x10 cm 
ve 10x20 cm boyutlarēndaki drenajlē silindir 
numune kalēplarēna dºk¿lm¿ĸ ve 7-56 
g¿nl¿k k¿r s¿resi aralēĵēnda k¿r odasēnda 
(%80 nem ve 25 CÁ sēcaklēk) bekletilmiĸtir. 
Her bir k¿r s¿resi i­in 3 adet 5x10 cm 
boyutunda ve 3 adet 10x20 cm boyutunda 
olmak ¿zere 6 adet numune hazērlanmēĸtēr 
(ķekil 2). Toplam 192 adet numunenin tek 
eksenli basēn­ dayanēmē ºnceden belirlenen 
k¿r s¿releri sonunda y¿k kapasitesi 50 kN ve 
0,5 mm/dkôlēk bir y¿kleme hēzēna sahip ELE 
marka bilgisayar kontroll¿ basēn­ ve 

deformasyon ¿nitesinde ASTM C 39 (2005) 
tarafēndan ºnerilmiĸ yºnteme gºre 
ger­ekleĸtirilmiĸtir. Her iki boyuttaki 
silindirik numunelerin boy/­ap oranē 2:1 
olup, numunelerin alt ve ¿st y¿zeyleri deney 
ºncesi d¿zeltilmiĸtir. Her bir k¿r s¿resi i­in 
3ôer adet numune test edilmiĸ ve bulgularēn 
yorumlanmasēnda elde edilen ortalama 
dayanēm deĵerleri kullanēlmēĸtēr. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

ķekil 2. Farklē boyuttaki (5x10 cm ve 10x20 
cm) numunelerin gºr¿n¿m¿ 

3 BULGULAR VE TARTIķMA 
3.1 Baĵlayēcē Oranēnēn Etkisi 
Baĵlayēcē oranē, macun dolgunun mekanik 
performansē ve iĸletme maliyetleri ¿zerinde 
ºnemli bir rol oynar. Kullanēlan baĵlayēcēnēn 
dolgu iĸletme maliyetlerinin %40-75ôini 
teĸkil ettiĵi gºz ºn¿ne alēndēĵēnda, istenen 
dayanēmē verecek optimum baĵlayēcē 
oranēnēn belirlenmesi ºnemli ekonomik 
kazanēmlar saĵlayacaktēr. ķekil 3, baraj atēĵē 
ve CEM III/A 42,5 N kullanēlarak farklē 
baĵlayēcē oranē (%5-7) ve numune boyutunda 
hazērlanan macun dolgu numunelerinin 7-56 
g¿nl¿k k¿r s¿resi sonundaki tek eksenli 
basēn­ dayanēmē sonu­larēnē gºstermektedir. 
Beklenildiĵi ¿zere, her iki numune 
boyutunda da baĵlayēcē oranēnēn ve k¿r 
s¿resinin artmasēyla birlikte dayanēm 
kazanēmēnēn arttēĵē gºr¿lmektedir. Baĵlayēcē 
miktarē arttēk­a ortamda daha fazla baĵlayēcē 
jeli (C-S-H ve portlandit) oluĸmakta ve 
dolgunun dayanēmē artmaktadēr.  
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ķekil 4. Su ­imento oranēnēn dolgu dayanēmēna etkisi (a) ve k¿r s¿resine baĵlē k deĵerleri (b) 
 
ķekil 4, 6,5-8,5" slamp akēĸkanlēĵa karĸēlēk 
gelen su/­imento oranlarēnda (4,62, 4,87, 
5,13) CEM III/A 42,5 N tipi ­imento 
kullanēlarak %7 ­imento oranēnda hazērlanan 
10x20 cm ve 5x10 cm boyutlarēndaki macun 
dolgu numunelerinin 7-56 g¿nl¿k k¿r s¿resi 
sonundaki tek eksenli basēn­ dayanēmē 
sonu­larēnē gºstermektedir. Beklenildiĵi 
¿zere, her iki numune boyutunda da 
su/­imento oranēnēn azalmasēyla dayanēm 
artēĸ gºstermiĸtir (ķekil 4a). Su/­imento 
oranēnēn 5,13ôden 4,62ôye d¿ĸmesiyle basēn­ 
dayanēmē 1,17-1,54 kat artmēĸtēr. Benzer 
ĸekilde, 5x10 cm boyuta sahip numuneler 
b¿t¿n k¿r s¿relerinde 10x20 cm boyutundaki 
numunelere kēyasla daha y¿ksek basēn­ 
dayanēmē ¿retmiĸtir. 28 g¿nl¿k k¿r s¿resi 
sonunda istenen dayanēmē (Ó0,7 MPa) 10x20 
cm boyutundaki hi­bir numune saĵlamamēĸ 
olup, sadece en d¿ĸ¿k su ­imento oranēnda 
hazērlanan 5x10 cm boyutundaki numuneler 
saĵlamēĸtēr (0.777 MPa).  

K¿r s¿resine baĵlē olarak aynē karēĸēm 
ºzelliklerine sahip farklē numune 
boyutundaki numunelerin dayanēm farklarē 
incelendiĵinde (ķekil 4b), k deĵerlerinin 
(T.EB.D5x10/T.E.B.D10x20) 7-14 g¿nl¿k k¿r 
s¿relerinde 1,28-1,75 arasēnda, 28-56 g¿nl¿k 
k¿r s¿relerinde ise 1,06-1,25 arasēnda 
deĵiĸtiĵi gºr¿lmektedir.  

 
 
 

3.3 Baĵlayēcē Tipinin Etkisi 
Sabit baĵlayēcē oranēnda (%7) CEM I 42,5, 
SD¢ 32,5 ve CEM III/A 42,5 tipi ­imento 
kullanēlarak hazērlanan 10x20 cm ve 5x10 
cm boyutlarēndaki macun dolgu 
numunelerinin dayanēm sonu­larē ķekil 5ôde 
verilmiĸtir. Her iki numune boyutunda da en 
y¿ksek dayanēmē Portland ­imentosu (CEM I 
42,5) ile hazērlanan numuneler, en d¿ĸ¿k 
dayanēmē ise s¿lfata dayanēklē ­imento (SD¢ 
32,5) ile hazērlanan numuneler ¿retmiĸtir. 
Bunun baĸlēca nedeni Portland ­imentosunun 
28 g¿nl¿k basēn­ dayanēmēnēn (42,5 MPa) 
daha y¿ksek olmasēndan kaynaklanmaktadēr. 
Ancak s¿lf¿r i­eriĵi y¿ksek atēklardan 
hazērlanan numunelerde Portland ­imentosu 
gibi C3A i­eriĵi y¿ksek baĵlayēcēlarēn 
kullanēlmasē durumunda asit ve s¿lfat etkisi 
nedeniyle uzun dºnemde (Ó90 g¿n) dayanēm 
kaybē oluĸabilmektedir. Bu gibi durumlarda 
s¿lfata dayanēklē ­imento veya portland 
kompoze ­imento kullanēmē ºnerilmektedir.  
CEM III/A 42,5 N tipi ­imento ile hazērlanan 
numunelerin dayanēmē erken k¿r s¿relerinde 
(7-14 g¿n) CEM I 42,5 ile hazērlanan 
numunelere kēyasla d¿ĸ¿k olmasēna karĸēn, 
ilerleyen k¿r s¿relerinde (28 ve 56 g¿n) 
CEM I 42,5ôe yakēn dayanēm kazanēmē elde 
ettikleri gºr¿lmektedir. Demirboĵa vd. 
(2004) puzolanlarēn hidratasyon ēsēsēnē 
d¿ĸ¿rd¿ĵ¿n¿ ve dayanēm kazanēmē i­in daha 
uzun k¿r s¿resine ihtiya­ duyulduĵunu 
belirtmiĸtir.  
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ķekil 5. Baĵlayēcē tipinin dolgu dayanēmēna etkisi (a) ve k¿r s¿resine baĵlē k deĵerleri (b) 

 
Ayrēca belirli bir hidrolik baĵlayēcē 

ºzelliĵi (CaO i­eriĵinin y¿ksek olmasēndan 
dolayē) bulunan ºĵ¿t¿lm¿ĸ y¿ksek fērēn 
c¿rufu, klinkerin hidratasyonu sonucu a­ēĵa 
­ēkan Ca(OH)2 ile reaksiyona girerek 
baĵlayēcē jeli (C-S-H) oluĸturmakta ve bu 
nedenle CEM III/A 42,5 N tipi ­imentonun 
yeterli dayanēm kazanēmē i­in daha uzun k¿r 
s¿resine ihtiya­ duyulmaktadēr. Karēĸēmēn 
hazērlanmasēnda baĵlayēcē olarak Portland 
­imentosu (CEM I 42,5 R) kullanēlmasē ve 
boyutu 5x10 cm olan numunelerin se­ilmesi 
durumunda istenen mekanik performans (28 
g¿nde Ó0,7 MPa) i­in %7 baĵlayēcē oranēnēn 
yeterli olduĵu gºr¿lmektedir (ķekil 5a). 
Ancak, 10x20 cm boyutundaki numunelerin 
28 g¿nde istenen dayanēmē saĵlamasē i­in 
daha fazla ­imentoya gereksinim duyduklarē 
anlaĸēlmaktadēr. Bu durum emniyetli, 
ekonomik bir dolgu tasarēmē a­ēsēndan 
numune boyutunun ºnemini ortaya 
koymaktadēr.     

5x10 cm boyutlu numunelerin dayanēm 
deĵerlerinin 10x20 cm boyutlu numunelerin 
dayanēm deĵerlerine bºl¿nmesiyle elde 
edilen k (T.EB.D5x10/T.E.B.D10x20) deĵerleri 
k¿r s¿resinin artmasēyla birlikte azalmēĸtēr 
(ķekil 5b). k deĵerleri erken k¿r s¿relerinde 
1,22-1,47 arasēnda, ilerleyen k¿r s¿relerinde 
ise 1,06-1,26 arasēnda deĵiĸmektedir.  

 
  
 

3.4 Tane Boyut Daĵēlēmēnēn Etkisi 
Atēk tane boyutu, dolgunun mekanik ve 
reolojik (akēĸkanlēk) ºzelliklerini 
etkilemektedir. Fall vd. (2005) iri taneli 
atēklardan hazērlanan macun dolgu 
karēĸēmlarēnēn iri ve orta taneli atēklardan 
hazērlanan karēĸēmlara kēyasla drenaj yoluyla 
daha fazla su bēraktēĵēnē belirtmiĸtir. Daha 
fazla suyun drene olmasē, mikro yapēnēn 
iyileĸmesine (d¿ĸ¿k porozite ve boĸluk 
oranēnēn oluĸmasē) ve dolgu dayanēmēnēn 
artmasēna neden olmaktadēr. Ancak bu 
durumda macun dolgunun borularla yeraltēna 
taĸēnmasē ve mikserde karēĸtērēlmasē 
esnasēnda oturma ve ayrēĸma oluĸabilir 
(Er­ēkdē vd., 2013). Bu nedenle optimum 
atēk tane boyut daĵēlēmēnēn belirlenmesi 
kritik ºneme sahiptir. Daha ºnce yapēlan 
­alēĸmalarda dolgu dayanēmē ve reolojik 
ºzellikleri a­ēsēndan optimum 20 Õm altē 
ince malzeme miktarēnēn aĵērlēk­a %25-30 
oranēnda olmasē gerektiĵi belirtilmiĸtir 
(Kesimal vd., 2003; Fall vd., 2005).  

ķekil 6, referans ve sēnēflandērēlmēĸ (ĸlamē 
uzaklaĸtērēlmēĸ) baraj atēĵē kullanēlarak farklē 
numune boyutunda ve sabit baĵlayēcē oranē 
(%7) ile slampta (19.05 cm) hazērlanan dolgu 
numunelerinin 7-56 g¿nl¿k k¿r s¿resi 
sonundaki dayanēmēnē gºstermektedir. 
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4 SONU¢LAR 
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sonu­lar elde edilecektir. Bu durumda 
yeraltēnda bazē sorunlarla (k¿­¿k ­aplē gº­¿k 
vb.) karĸēlaĸēlacak ve sonu­ta iĸ g¿c¿ 
kaybēna ve ¿retim veriminin azalmasēna 
neden olacaktēr. Bu nedenle emniyetli ve 
ekonomik bir dolgu uygulamasē a­ēsēndan 
numune boyutunun dayanēm ¿zerine etkisi 
gºz ºn¿ne alēnmalēdēr.  
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¥ZET Zayēf kaya­larēn jeomekanik ºzelliklerinin belirlenmesi, uygun boyutlarda karot alēnmasēnēn 
zorluĵu ve deneyler sērasēnda sēklēkla karĸēlaĸēlan sorunlar (oluĸan yenilme y¿zeyinin d¿zensizliĵi, ¿­ 
eksenli basēn­ deneyindeki yanal basēn­ se­imi, deney esnasēnda kaya­taki ezilmeler vb.) sebebiyle ­oĵu 
kez g¿venilir bir ĸekilde ger­ekleĸtirilememektedir. ¥zellikle bu durum tek eksenli basēn­, ¿­ eksenli 
basēn­ ve deformobilite deneylerinde kendini a­ēk­a gºstermektedir. Bu ­alēĸmada zayēf kaya­larēn 
(ůc<50MPa) kohezyonunun dolaylē olarak belirlenmesi i­in 13 farklē kaya­ ¿zerinde (kiltaĸē, silttaĸē, 
traverten, kumtaĸē, andezit, konglomera, t¿f vb.) bir dizi kaya mekaniĵi deneyleri yapēlmēĸtēr. Deney 
yºntemlerinin se­iminde numunelerin kolay hazērlanmasē ve pratik deneyler (dolaylē ­ekme dayanēmē, P-
dalgasē hēzē vb.) olmasēna dikkat edilmiĸtir. Ayrēca, kaya­larēn ayrēĸma-bozunma durumlarē da gºzºn¿nde 
bulundurularak basit ve ­oklu regresyon analizleri ger­ekleĸtirilmiĸtir. Geliĸtirilen modellerin uygunluĵu 
ki-kare uygunluk testi ile kontrol edilmiĸ ve ºnerilen gºrg¿l baĵēntēlarēn ge­erli olduĵu gºr¿lm¿ĸt¿r. Sonu­ 
olarak, zayēf kaya­larēn kohezyonunun ºnerilen gºrg¿l baĵēntēlar ile yeterli g¿venilirlikte dolaylē olarak 
tahmin edilebileceĵi belirlenmiĸtir. 
 
 
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 
(ůc<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 x2 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 GĶRĶķ 
Zayēf kaya­larēn jeomekanik ºzelliklerinin net 
olarak ortaya konmasē, ­oĵu kez saĵlēklē bir ĸekilde 
ger­ekleĸtirilememektedir. Uygun boyutlarda karot 
alēnamayēĸē, kaya­larēn suya olan hassasiyetleri, 
ayrēĸma-bozunma durumlarē ve deney esnasēnda 
karĸēlaĸēlan sorunlar saĵlēklē deney sonu­larēnēn 

elde edilmesini g¿­leĸtirmektedir. Bu durum saha 
ve proje m¿hendislerinin ­oĵu kez en uygun 
m¿hendislik tasarēmēnē yapabilmelerine engel 
olmaktadēr. Bazē durumlarda ise tasarēm i­in 
gerekli girdi parametrelerinin sayēsal olarak temin 
edilemeyiĸi, bunun yerine eski tecr¿belerin 
kullanēlēĸē (ºzellikle t¿nel, ĸev, temel ve tahkimat 
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tasarēmēnda), proje maliyeti, g¿venilirliĵi ve iĸ 
g¿venliĵini doĵrudan etkilemektedir. ¢aĵēn 
gereklerine uygun m¿hendislik tasarēmē; yeterli 
sayēda g¿venilir verinin tecr¿beli ekipler tarafēndan 
deĵerlendirilmesi ve bu doĵrultuda yapēlan 
­alēĸmalarēn bir b¿t¿n¿ olarak tanēmlanmaktadēr.  

Olaya bu a­ēdan bakēldēĵēnda, kaya malzemesi 
daha geniĸ anlamēyla da malzeme bilimi ile 
ilgilenen b¿t¿n disiplinlerde, kullanēlacak 
malzemeye ait istenen fiziksel ve mekanik 
b¿y¿kl¿klerin belirlenmesinde ilgili standartlara 
uygun boyutlarda numune hazērlamak olduk­a 
ºnemlidir. ¢elik, beton, demir ve teknolojik 
imk©nlar d©hilinde hazērlanan diĵer malzemeler 
genellikle homojen ve izotrop olarak kabul 
edilmektedir. Bu malzemelerden elde edilen deney 
sonu­larēndaki sapmalar ve olasē sorunlar, 
genellikle imalat hatalarē, operatºr etkisi ile 
kullanēlan deney setindeki problemlerden 
kaynaklanmaktadēr. Buna karĸēn, kaya malzemesi 
ve k¿tlesi ile ilgilenen disiplinlerde (kaya mekaniĵi, 
m¿hendislik jeolojisi vb.) ise, saĵlēklē deney 
sonu­larēnēn alēnamayēĸēnēn birden ­ok sebebi 
olabilir. Bu sebeplerin baĸēnda kullanēlan 
malzemenin doĵasē gereĵi var olan d¿zensizlikler 
akla gelmektedir. Bu d¿zensizlikler; kaya­taki 
makro ve mikro s¿reksizlikler, tabakalanma, 
kayacēn dolgu durumu, mineralojik bileĸim, 
ayrēĸma-bozunma durumu ve anizotropi ºzelliĵi 
olarak sēralanabilir.  

Araziden alēnan, ayrēĸmamēĸ, az sayēda 
s¿reksizlik i­eren ve en az derecede ºrselenerek 
temin edilmiĸ kaya bloklarēndan hazērlanan, 
s¿reksizlik ve herhangi bir arēza i­ermeyen 
numuneleri homojen ve izotrop kabul ederek 
kaya­lara ait istenen fiziksel ve mekanik 
b¿y¿kl¿kler elde edilmektedir. Ancak belirgin 
olarak ayrēĸmēĸ, suya karĸē hassasiyeti olan, ­ok 
sayēda s¿reksizlik i­eren ve dayanēmē d¿ĸ¿k 
kaya­lardan hazērlanan numuneleri homojen ve 
izotrop olarak kabul etmek tartēĸmaya a­ēk bir konu 
olmakla birlikte, bu t¿r kaya­larla ­alēĸmak ­oĵu 
kez sorunlarē beraberinde getirir. Zayēf kaya­lar 
¿zerinde doĵrudan yapēlamayan deneyler i­in 
yaklaĸēk ­ºz¿m; daha kolay yapēlabilen deney 
sonu­larēndan t¿retilen gºrg¿l baĵēntēlarē 

kullanarak istenilen b¿y¿kl¿ĵ¿ belirli bir g¿ven 
aralēĵēnda dolaylē olarak tahmin etmektir.  

Kohezyon kēsaca, normal gerilmenin etkimediĵi 
bir d¿zlem boyunca, kaya malzemesinin yenilmesi 
i­in gerekli olan kayma gerilmesi olarak 
tanēmlanmakta ve ºzellikle kaya mekaniĵi ile 
m¿hendislik jeolojisinde ºnemli bir girdi 
parametresi olarak kabul edilmektedir. Kaya 
malzemesinin kohezyonu yaygēn olarak, farklē 
yanal basēn­lar altēnda ger­ekleĸtirilen ¿­ eksenli 
basēn­ deneyleri ile belirlenmektedir. ¦­ eksenli 
basēn­ deneyleri dēĸēnda kaya malzemesinin 
kohezyonun doĵrudan belirlenmesi i­in, 
Prodotyakonov (1969) ve Vutukuri (1974) ise tek 
kesme y¿zeyli ve ­ift kesme y¿zeyli deney 
d¿zeneklerini kullanmēĸtēr. Lundborg (1968) ve 
Andreev (1995) ise, basēn­ uygulayan ­ift kesme 
y¿zeyli deney d¿zeneĵini kullanarak elde ettiĵi 
kohezyon deĵerlerinin ¿­ eksenli basēn­ 
deneylerinden elde edilen kohezyon deĵerinden 
y¿ksek olduĵunu belirtmiĸtir. Yaralē (1999) 
geliĸtirdiĵi tek kesme y¿zeyli ­ift y¿kleme bloklu 
deney d¿zeneĵini beton, al­ē, kumtaĸē, kire­taĸē ve 
marn ºrneklerini kullanarak elde ettiĵi kohezyon 
deĵerlerinin ¿­ eksenli basēn­ deneylerinden elde 
edilen kohezyon deĵerlerine yakēn olduĵunu 
belirlemiĸtir.  

Kaya malzemesine ait kohezyonun doĵrudan 
kestirimi i­in diĵer bir yºntem ise Wuerker (1959) 
yºntemidir. Bu yºntem ¿­ eksenli basēn­ 
deneylerinin yapēlamadēĵē durumlarda kaya 
malzemesi kohezyonunun kabaca tahmin edilmesi 
i­in kullanēlmaktadēr (ķekil 1). 

ķekil 1. Wuerker (1959) yºntemine gºre kaya 
malzemesinin kohezyonun kestirimi 

c

ů

Ű

ůt ůc

ů  =  Kaya malzemesinin tek eksenli
         basēn­ dayanēmē 

c

ů  =  Kaya malzemesinin tek eksenli
         ­ekme dayanēmē

t

c =  Kaya malzemesinin kohezyonu

ů =  Normal Gerilme
Ű  =  Kayma Gerilmesi



539

23rd International Mining Congress & Exhibition of Turkey Å 16-19 April 2013 ANTALYA

c n R-= ³ =

ns

[ ][ ]
( )( )

c i n i n

i i n

m m
c

m m

s s s

s

-

-

+ +
=

+ +

c BPI=

2 NUMUNE HAZIRLAMA 

l

( )( )n
i im m

s -=
+ +

i i n

i i n

m m
m m

sf
s

--

-

è ø+é ù=
é ù+ +ê ú

tB c
i

c tB

m
s s
s s

= -



540

E. Kºken

 

¢izelge 1. ¢alēĸmada kullanēlan kaya t¿rleri, alēndēĵē bºlgeler ve numune sayēlarē 

Kaya T¿r¿ ¥rnek 
No Alēndēĵē Yer 

Numune Sayēsē 
TEBD D¢D ¦EBD PDH 

T¿f1 1 Havran - Balēkesir 8 10 4 8 
Traverten 2 Honaz - Denizli 9 12 4 9 
Andezit 3 Havran - Balēkesir 9 10 3 9 

Konglomera 4 Havran - Balēkesir 5 5 3 5 
¢amurtaĸē 5 Havran - Balēkesir 4 5 3 4 

ķeyl 6 Havran - Balēkesir 5 5 3 5 
T¿f2 7 Develi - Kayseri 7 10 3 7 

Kumlu Kire­taĸē 8 Havran - Balēkesir 5 6 2 5 
Siltli ¢amurtaĸē 9 Edremit - Balēkesir 6 5 3 6 

Ķnce Taneli 
Kumtaĸē 

10 Havran - Balēkesir 5 5 3 5 

Silttaĸē 11 ¦z¿lmez - 
Zonguldak 9 8 3 9 

Kiltaĸē 12 ¦z¿lmez - 
Zonguldak 5 5 3 5 

Orta Taneli 
Kumtaĸē 

13 Bor - Niĵde 5 5 4 5 

A¢IKLAMALAR 
TEBD: Tek eksenli basēn­ dayanēmē PDH: P dalga hēzē 
¦¢BD: ¦­ eksenli basēn­ dayanēmē D¢D: Dolaylē ­ekme dayanēmē 

 

3 DENEYSEL ¢ALIķMALAR 
 
Bu ­alēĸma kapsamēnda; en ­ok kullanēlan, 
numune hazērlamasē ve yapēlmasē kolay deneylerin 
se­ilmesine ºzen gºsterilmiĸtir. Bu sebepten zayēf 
kaya­larēn kohezyonun dolaylē olarak belirlenmesi 
i­in, dolaylē ­ekme dayanēmē (D¢D), tek eksenli 
basēn­ dayanēmē (TEBD), ¿­ eksenli basēn­ 
dayanēmē (¦EBD) ile P dalgasē hēzē (PDH) 
deneyleri yapēlmēĸtēr. Yapēlan deneylerde ISRM 
(1981) tarafēndan ºnerilen yºntemler esas 
alēnmēĸtēr. Ger­ekleĸtirilen b¿t¿n deneyler kuru 
ĸartlar altēnda ger­ekleĸtirilmiĸ olup, deney 
sonu­larē ¢izelge 3ôte toplu olarak verilmiĸtir. 

Ayrēca numunelerin hazērlanma s¿re­lerinde 
kaya­larēn ayrēĸma-bozunma durumlarē, ayrēĸmēĸ 
ve ayrēĸmamēĸ durumlardaki renk ve dokusal 
deĵiĸimi gºz ºn¿nde bulundurularak ISRM 
(1981)ôe gºre sēnēflandērēlmēĸtēr.  

Buna gºre ­alēĸmada kullanēlan kaya­lar 
ayrēĸmamēĸtan (W1)  ileri derecede ayrēĸmēĸ kayaca 
(W4) deĵiĸen bir aralēktadēr. 

3.1 Tek Eksenli Basēn­ Dayanēmē Deneyi  
Tek eksenli basēn­ dayanēmē deneyleri ISRM 1981 
tarafēndan ºnerilen yºntem ile ASTM D2938ô e 
uygun olarak ger­ekleĸtirilmiĸtir. Deneylerdeki 
y¿kleme hēzē zayēf kaya­lar i­in yaklaĸēk 0,5MPa/s 
olarak tercih edilmiĸtir. Araziden temin edilen kaya 
bloklarēnēn i­erdiĵi s¿reksizlikler ve ayrēĸma-
bozunma durumlarē ve numune alma esnasēnda 
karotlarēn par­alanmalarē dikkate alēndēĵēnda, 
deney i­in gerekli geometrik ĸartlar (Bkz. ASTM 
D2938ï95, ISRM 1981) ­oĵu kez 
saĵlanamamēĸtēr.  
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Bu sebepten uygun boyutlarda alēnamayan 
karotlarda yapēlan deney sonu­larē d=2 oranē 
dikkate alēnarak ASTM D2938-95ôe gºre Eĸitlik 7 
kullanēlarak d¿zeltilmiĸtir. Eĸitlik 7, /d oranēnēn 1ï
2 aralēĵēnda olmasē durumunda ge­erlidir. 

( / )
(2/1)

0, 24 0,88

s
s =

³ +
           (7) 

Yapēlan tek eksenli basēn­ dayanēmē deney 
sonu­larēna gºre, 13 farklē kayacēn tek eksenli 
basēn­ dayanēmlarē /d=2 d¿zeltmesi ile ortalama 
16,15MPa ile 47,97 MPa arasēnda deĵiĸmektedir. 
ISRM (1981)ô gºre ­alēĸmada kullanēlan kaya­lar 
d¿ĸ¿k ve orta dayanēmlē, Deere ve Miller (1966)ôa 
gºre ise d¿ĸ¿k dayanēmlē kaya­ sēnēfēnda yer 
almaktadēr. 

3.2 P Dalgasē Hēzē Deneyi 
P dalga hēzē deneyi, kayacē ºrselememesi, 
tekrarlanabilirliĵi y¿ksek bir deney olmasē ve kaya 
malzemesinin bazē fiziksel ve mekanik ºzellikleri 
ile anlamlē iliĸkilere sahip olmasē sebepleriyle son 
zamanlarda kaya mekaniĵinde sēklēkla 
kullanēlmaktadēr. P dalga hēzē deneyleri, P dalga 
hēzē (Vp), karotun bir ucundan diĵer ucuna 
gºnderilen ultrasonik dalganēn hēzēdēr                 
(Bkz. Eĸitlik 8). 

h
=                   (8) 

Eĸitlik 8ôde ifade edilen L karot boyunu (mm), h  
ise karotun bir ucundan diĵer ucuna ge­en 
ultrasonik dalganēn ge­tiĵi s¿reyi (ɛs) ifade 
etmektedir. Pundit Plus deney aleti kullanēlarak 
ASTM D2845-69ôa uygun olarak yapēlan deney 
sonu­larēna gºre ortalama Vp hēzlarē 1,47 km/s ï 
4,03 km/s arasēnda deĵiĸmektedir.  

Kaya­larēn ayrēĸma-bozunma derecelerinin (Wd) 
sayēsal olarak belirlenmesi ve analizlere dahil 
edilebilmesi i­in, P dalga hēzlarē istatistiksel 
kurallar dahilinde kullanēlmēĸtēr. Ķstatistikte 
herhangi bir b¿y¿kl¿ĵ¿n (ºrneĵin ɓ) alabileceĵi en 
y¿ksek ve en d¿ĸ¿k deĵeri Eĸitlik 9 ile 
belirlenmektedir. 

max 3b b= °               (9) 

Burada ɓmax ve ɓort sērasēyla herhangi bir 
b¿y¿kl¿ĵ¿n en y¿ksek ve ortalama deĵerleri, ss ise 
bu b¿y¿kl¿ĵe ait standart sapma olarak 
tanēmlanmaktadēr. Bu istatistiksel kural 
doĵrultusunda Wd deĵeri P dalga hēzēna gºre 
Eĸitlik 10 ile belirlenmiĸtir. 

( )

( )

3
3

+
=

-
              (10) 

Burada Vp(ort) kaya­larēn ortalama P dalga hēzē 
(km/s), ss ise p dalga hēzlarēna ait standart sapma 
deĵerlerini ifade etmektedir. Buna gºre ISRM 
(1981) tarafēndan ºnerilen ayrēĸma-bozunma 
sēnēflamasēna gºre, kaya­larēn ayrēĸma bozunma 
indeksi deĵer aralēĵē ¢izelge 2ôde verilmiĸtir. 

¢izelge 2. Kaya­larēn ayrēĸma-bozunma indeksi 
deĵerleri 

Ayrēĸma-
Bozunma 
Derecesi

Tanēmlama Wd

W1 Ayrēĸmamēĸ 1-1,6
W2 Az Ayrēĸmēĸ 1,6-2,5
W3 Orta Derecede Ayrēĸmēĸ 2,5-3,4
W4 Ķleri Derecede Ayrēĸmēĸ >3,4  

3.3 Dolaylē ¢ekme Dayanēmē Deneyi 
Dolaylē ­ekme dayanēmē deneyi (Brazilian Deneyi) 
gerek numune hazērlamasē kolay, gerekse pratik bir 
deney olmasē sebebiyle yaygēn olarak 
kullanēlmaktadēr. Kaya­larēn dolaylē ­ekme 
dayanēmē Eĸitlik 11 ile belirlenmektedir.  

( )
2s
p

=              (11) 

Burada F kērēlma y¿k¿ (N), D numune ­apēnē 
(mm), t ise numune kalēnlēĵēnē (mm) 
gºstermektedir.   Buna gºre 13 farklē kaya­tan 
hazērlanan disk numuneler ¿zerinde yapēlan deney 
sonu­larēna gºre, kaya­larēn ortalama dolaylē 
­ekme dayanēmē 0,7MPa ile 6,3MPa arasēnda 
deĵiĸmektedir. 
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3.4 ¦­ Eksenli Basēn­ Dayanēmē Deneyi 
¦­ eksenli basēn­ deneyi, farklē yanal basēn­lar 
altēnda (ů3) kaya malzemesinin dayanēmēnēn 
belirlenmesi olarak tanēmlanabilir. ů3= 0 
durumunda kaya malzemesini yenmek i­in gerekli 
olan gerilme kayacēn tek eksenli basēn­ dayanēmē 
olarak tanēmlanmakta olup, farklē ů3 deĵerleri 
altēnda kayacēn dayanēmēnē yanal sēkēĸmaya baĵlē 
olarak artacaktēr. Deneyin amacē, en temel olarak 
kaya malzemesinin kayma parametrelerinin 
belirlenmesi (kohezyon ve i­sel s¿rt¿nme a­ēsē) 
olarak d¿ĸ¿n¿lebilir. Mohr ï Coulomb yenilme 
ºl­¿t¿ne gºre kaya malzemesinin kayma 
parametreleri i­sel s¿rt¿nme a­ēsē (◖, Á) ve 
kohezyon (c, MPa) olarak tanēmlanmaktadēr.  

Bunun i­in farklē yanal basēn­larda yapēlan 3ï4 
deney ile kaya malzemesine ait yenilme zarfē 
oluĸturularak kayacēn c ve ◖ deĵerleri ayrēca Hoek-
Brown sabitlerinden mi bulunur. Kaya 
malzemesinin c ve ◖ deĵerleri ISRM (1981)ôe gºre 
¿­ farklē ĸekilde belirlenebilir. Bu ­alēĸmada farklē 
karotlarēn deĵiĸik yanal basēn­lar altēndaki eksenel 
dayanēm deĵerleri tespit edilerek kayma 
parametreleri belirlenmiĸtir.  

Kaya­larēn kohezyonu i­in Eĸitlik 12, i­sel 
s¿rt¿nme a­ēlarēnēn belirlenmesi i­in ise Eĸitlik 13 
kullanēlmēĸtēr.  

1 sin
2 cos

c q f
f

-= ³
³

 (12) 

1arcsin
1

m
m

f -å õ= æ ö+ç ÷
 (13) 

Burada q, ů1 ï ů3 uzayēndaki dayanēm zarfēnēn ů1 
eksenini kestiĵi noktanēn deĵeridir. Baĸka bir 
deyiĸle q deĵeri, ů3 = 0 olduĵu durumdaki eksenel 
gerilmenin b¿y¿kl¿ĵ¿ olarak tanēmlanan dayanēm 
zarfēndaki tek eksenli basēn­ dayanēmē deĵeridir. m 
deĵeri ise dayanēm zarfēnēn eĵimi olarak 
tanēmlanmaktadēr. 

Yapēlan ¿­ eksenli deney sonu­larēnda zayēf ve 
orta dayanēmlē kaya­lar i­in yanal basēn­lar (ů3) 

2MPa ile 15MPa arasēnda se­ilmiĸtir. Buna gºre 
13 farklē kaya malzemesinin c deĵerleri 3MPa ile 
10MPa arasēnda, ◖ deĵerleri ise 32Á ile 51Á 
arasēnda deĵiĸtiĵi belirlenmiĸtir (¢izelge 3). 

4 ĶSTATĶSTĶKSEL ANALĶZ 
Kaya­larēn farklē fiziksel ve mekanik ºzellikleri 
arasēndaki anlamlē iliĸkileri gºz ºn¿nde 
bulundurulduĵunda, kaya malzemesinin 
kohezyonu ile bazē mekanik ºzellikleri arasēnda 
bireysel iliĸkiler kurulabileceĵi daha ºnce 
belirtilmiĸti. ¥rneĵin, kaya­larēn dayanēmē ile 
kohezyonu arasēnda genellikle doĵrusal bir iliĸki 
vardēr. Ancak doĵadaki kaya­larēn litolojik 
­eĸitliliĵi ve ayrēĸma-bozunma durumlarē 
kaya­larēn herhangi bir fiziksel veya mekanik 
ºzelliĵinin kestirimi i­in genel bir yaklaĸēm ortaya 
koymayē g¿­leĸtirmektedir.  

Bu kapsamda, d¿ĸ¿k dayanēmlē kaya­larēn 
ůc,Vp, ůtB ve Wd deĵerleri kullanēlarak, bu 
analizlerine ilave edilmiĸtir. Ger­ekleĸtirilen basit 
ve ­oklu regresyon analizlerinde kullanēlacak olan 
deĵiĸkenlerin birimleri; c = MPa, ůc = MPa, ůtB = 
MPa ve Vp = km/s olup, geliĸtirilen eĸitlikler boyut 
analizi i­ermemektedir. 

Kaya­larēn dayanēmē arttēk­a genellikle, c, ůc, Vp 
ve ůtB deĵerlerinin de artmasē beklenir. Kaya­larēn 
litolojik farklēlēklarē, ayrēĸma-bozunma durumlarē, 
dayanēm anizotropisi gibi ºzellikleri bu 
b¿y¿kl¿kler arasēndan dolaylē ­ekme dayanēmēnēn 
P dalgasē hēzēna oranēnēn (ɣ = ůtB / Vp) kaya­tan 
kayaca farklē olmasēna sebep olmaktadēr. Burada 
tanēmlanan ɣ deĵerindeki bu deĵiĸimin zayēf 
kaya­larēn kohezyonunun bir ºl­¿s¿ olup olmadēĵē 
bu ­alēĸmada bir hipotez olarak ileri s¿r¿lm¿ĸ ve 
basit regresyon analizi ile irdelenmiĸtir. 
Ķstatistiksel analizlere ge­meden ºnce yukarēda 
tanēmlanan ɣ deĵer aralēĵēnēn belirlenmesi 
gerekmektedir. Bu kapsamda ɣ deĵerinin 
tanēmlanabilen en geniĸ tanēm k¿mesi, literat¿rde 
bilinen en y¿ksek ve en d¿ĸ¿k ůtB ve Vp 
deĵerlerinin kendi aralarēnda ­aprazlama yapēlmasē 
ile elde edilebilir.
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¢izelge 3. Deney sonu­larēnēn toplu gºsterimi 

Kaya T¿r¿ ¥rnek 
No ůc (MPa)* ůtB 

(MPa) 
Vp 

(km/s) 
c 

(MPa) ◖ (Á) mi 
Ayrēĸma Derecesi** 

Tanēm Wd 

T¿f1 1 16,1Ñ 6,6 0,7Ñ0,1 1,4Ñ0,3 3,2 50,4 15,8 W4 4,3 
Traverten 2 25,7Ñ 12,2 2,1Ñ0,7 2,2Ñ0,4 5,6 40,1 12,3 W4 3,4 
Andezit 3 41,4 Ñ 7,1 5,3Ñ0,5 3,3Ñ0,5 8,1 37,9 10,4 W3 2,8 
Konglomera 4 26,2Ñ5,9 1,7Ñ1,2 2,7Ñ0,4 4,3 43,5 14,7 W3 2,7 
¢amurtaĸē 5 33,4Ñ6,7 2,4Ñ0,5 2,3Ñ0,3 6,5 36,8 11,2 W2 2,2 
ķeyl 6 23,8Ñ9,5 1,5Ñ0,5 2,2Ñ0,3 4,8 39,1 9,0 W2 2,5 
T¿f2 7 40,2Ñ12,2 2,9Ñ0,8 3,1Ñ 0,4 7,3 45,9 12,7 W3 2,6 
Kumlu Kire­taĸē 8 32,7Ñ10,1 3,3Ñ1,6 2,7Ñ 0,3 6,9 42,7 10,1 W2 2,0 
Siltli ¢amurtaĸē 9 41,8Ñ8,2 2,8Ñ0,3 2,4Ñ0,3 8,4 32,0 14,1 W2 2,3 
Ķnce Taneli 
Kumtaĸē 10 24,0Ñ14,9 1,85Ñ0,44 1,8Ñ0,3 5,7 39,7 7,9 W3 3,1 

Silttaĸē 11 40,9Ñ13,6 3,1Ñ1,2 2,1Ñ0,21 8,6 34,6 9,4 W2 1,9 
Kiltaĸē 12 36,5Ñ7,3 6,3Ñ0,9 4,1Ñ0,2 9,5 38,1 5,8 W1 1,4 
Orta Taneli 
Kumtaĸē 13 47,9Ñ9,1 5,7Ñ1,1 3,9Ñ0,4 9,1 40,7 9,2 W2 1,9 

A¢IKLAMALAR 

*: Ortalama (ort) Ñ standart sapma (ss)     
**: ISRM (1981)'e gºre kaya­larēn ayrēĸma 
dereceleri 

      
 
Kaya­larēn Vp hēzlarē genellikle 1km/s ile 7,7km/s 
arasēnda deĵiĸmektedir (Castagna vd. 1985, 
Franklin ve Dusseault, 1989, Goodman 1989, 
Tercan vd. 2005, Zamora vd. 1994, Schºn 1996, 
Tuĵrul ve Zarif 1999, Kahraman 2001, Zarif ve 
Tuĵrul 2003, Teymen 2005, Sharma ve Singh 
2008, Yaĵēz 2011, Altēndaĵ 2012).  Kaya­larēn ůtB 
deĵerleri ise genel olarak 0,1MPa ile 42 MPa 
arasēndadēr (¢olak 1998, Zhang 2005, Tercan vd. 
2005, Mosch ve Siegesmund 2007, Dai ve Xia 
2009, Mendoza-Chavez vd. 2012).  

Bu kapsamda kaya­lara ait ɣ deĵerinin en geniĸ 
tanēm k¿mesinin 0,013 (ůtB = 0,1MPa ve Vp = 
7,7km/s deĵerleri i­in) ile 42 (ůtB = 42MPa ve Vp = 
1km/s deĵerleri i­in) arasēnda deĵiĸtiĵi 
matematiksel olarak m¿mk¿nd¿r. Ancak 
uygulamalarda bu kadar geniĸ bir aralēĵēn 
varlēĵēndan sºz etmek doĵru olmayabilir. 
Dayanēmē artan kaya­ta genel olarak artmasē 
beklenen ůtB ve Vp gibi b¿y¿kl¿klerin zayēf ve 
y¿ksek dayanēmlē kaya­lara ait olan deĵerleri kendi 
aralarēnda deĵerlendirilirse ger­eĵe daha yakēn bir 
tanēm k¿mesi oluĸturulabilir. Buna gºre Deere ve 
Miller (1966)ôa gºre d¿ĸ¿k dayanēmlē olarak 

tanēmlanan kaya­lar i­in (ůc < 50MPa olan 
kaya­lar) ɣ deĵerinin ¿st sēnērē (Vp = 4km/s ve ůtB = 
10MPa deĵerleri i­in), ɣ = 2,5olurken, alt sēnēr ise 
(Vp = 1km/s ve ůtB = 0,1MPa deĵerleri i­in) ɣ = 0,1 
olarak ifade edilebilir. Buradan zayēf kaya­larēn 
dayanēmēnēn deĵiĸmesi ile ɣ deĵerinin 0,1 ile 2,5 
arasēnda deĵiĸebileceĵi sºylenebilir. (ķekil 2).  
 

 
ķekil 2. Zayēf kaya­lar i­in ɣ deĵerinin deĵiĸimi ve 
incelenen aralēk 

4.1 Basit Regresyon Analizi 
Basit regresyon analizi i­in Menten ï Michaelis 
(1913) tarafēndan ºnerilen analitik model kabul 
edilmiĸ ve en k¿­¿k kareler yºntemi ile 
­ºz¿lm¿ĸt¿r. Analitik model Eĸitlik 14ôte ifade 
edilmektedir. Herhangi bir denklem sisteminin en 
k¿­¿k kareler yºntemi ile ­ºz¿lmesi i­in denklem 



544

E. Kºken

 

sisteminde yer alan bilinmeyenlerin (m1 ve m2 gibi) 
doĵrusal bir denklem sisteminde yer almasē 
gerekmektedir. Eĸitlik 8ôdeki baĵēmlē ve 
baĵēmsēzlēk deĵiĸkenler sērasēyla; y = c ve 

tB

p

x
V
sy= =  olarak tanēmlanmaktadēr. Eĸitlik 14ôte 

verilen denklem sisteminin doĵrusal hale 
getirilmesi ve en k¿­¿k kareler yºntemin 
uygulanmasē ile Eĸitlik 15 elde edilmiĸtir. 

1

2

m xy
m x

³=
+

                (14) 

254,94
, 0,85

7,82
tB

p tB

c R
V

s
s

= =
+

         (15) 

4.2 ¢oklu Regresyon Analizi 
¢oklu regresyon analizleri, ůc ï Wd, ůc ï ůtB ve        
ůtB ï Vp veri ­iftleri kullanēlarak ger­ekleĸtirilmiĸtir. 
ůc ï ůtB ­ifti ile ­oklu doĵrusal regresyon analizi,   
ůtB ï Vp ve ůc ï Wd veri ­iftleri kullanēlarak ise 
doĵrusal olmayan ­oklu regresyon analizi 
yapēlmēĸtēr. ¢oklu doĵrusal regresyon analizlerinde 
kullanēlan analitik model Eĸitlik 16ôda verilmiĸtir.  

1 2y ax bx= +                (16) 
ůc ï ůtB veri ­ifti kullanēlarak ger­ekleĸtirilen ­oklu 
regresyon analizi sonucunda Eĸitlik 17 elde 
edilmiĸtir. 

20,16 0,37 , 0,82c tBc Rs s= + =        (17) 

Doĵrusal olmayan ­oklu regresyon analizlerinin 
ilki i­in ůtB ï Vp veri ikilisi kullanēlmēĸ olup, 
regresyon analizinde Eĸitlik 18ôdeki analitik model 
benimsenmiĸtir. Eĸitlik 18ôde, y = c, x1 = ůtB ve x2 = 
Vp i­in Eĸitlik 19 elde edilmiĸtir. 

32
1 1 2

tty t x x= ³ ³               (18) 

0,75 0,53 25,12 , 0,88tB pc V Rs -= =         (19) 

Benzer ĸekilde Eĸitlik 18ôdeki analitik model 
kullanēlarak ůc ï Wd veri ­ifti ile ikinci doĵrusal 
olmayan ­oklu regresyon analizi 
ger­ekleĸtirilmiĸtir. y = c, x1 = ůc ve x2 = Wd olmak 
¿zere Eĸitlik 20 elde edilmiĸtir. 

0,81 0,26 20, 48 , 0,86c dc W Rs -= =        (20) 

5 TARTIķMA VE SONU¢LAR 
Yapēlan basit ve ­oklu regresyon analizlerinden 
elde edilen gºrg¿l baĵēntēlarēn uygunluĵu ki kare 
(x2) testi ile kontrol edilmiĸtir. Ki kare testine gºre 
bir modelin uygun olup olmadēĵē modelden elde 
edilen deĵerlerin (gºzlenen deĵer, oi) deneysel 
deĵerlere (beklenen deĵer, ei) olan yakēnlēĵē ile 
ilgilidir. Bu baĵlamda x2 deĵeri Eĸitlik 21 yardēmē 
ile belirlenecektir. Bir modelin ge­erli olup 
olmadēĵē, elde edilen x2 deĵerinin belirli bir g¿ven 
aralēĵēnda (G) ve buna baĵlē serbestlik derecesinde 
(ɚ) tabloda verilen x2 deĵerinden k¿­¿k olmasēna 
baĵlēdēr. Aksi halde ºnerilen model reddedilecektir. 
Geliĸtirilen baĵēntēlarēn ge­erliliĵi bu ĸekilde 
irdelenmiĸtir. Modellerin serbestlik dereceleri 

1n vl = - - ĸeklinde belirlenmiĸtir. Burada n ºrnek 
sayēsēnē, v analizlerde kullanēlan deĵiĸken sayēsēnē 
ifade etmektedir. 

213
2

1

( )n
i i

i i

o ex
o

=

=

-=ä              (21) 

Buna gºre, geliĸtirilen eĸitliklere ait x2 deĵerlerinin 
G = 0,9 g¿ven aralēĵē ve ɚ = 9 koĸullarēnda ge­erli 
olduĵu ¢izelge 4ôten anlaĸēlmaktadēr. 

¢izelge 4. x2 uygunluk testi sonu­larē 

Eĸitlik No 15 17 19 20
x 2 0,864 1,047 0,716 0,88

x 2 Tablo (G=0,9) 4,168 4,168 4,168 4,168

Serbestlik Derecesi 
(ɚ=n-v-1)

9 9 9 9
 

Eĸitliklerden tahmin edilen kohezyon deĵerleri ise; 
birbirleri, deney sonu­larē ve Hoek vd. 2002ôden 
tahmin edilen kohezyon deĵerleri ile 
karĸēlaĸtērēlmēĸtēr. Buna gºre 13 farklē kayacēn 
kohezyonu, en fazla y¿zde 14ôl¿k hata payē ile 
tahmin edilebildiĵi ķekil 3ôten anlaĸēlmaktadēr. 

Kaya­larēn ilerleyen ayrēĸma-bozunma 
evrelerinde (fiziksel, kimyasal veya biyolojik 
bozunma evrelerinde) kaya malzemesinin 
i­yapēsēnda tane sēnērlarē geniĸlemekte, baĸka bir 
deyiĸle kaya­ i­indeki atomik baĵlar 
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zayēflamaktadēr. Bu baĵlarēn zayēflamasē ve buna 
baĵlē kaya­ta oluĸan makro ve mikro ºl­ekteki 
kērēklē yapēlarēn varlēĵē kaya malzemesinin 
kohezyonunu ºnemli ºl­¿de d¿ĸ¿rmektedir 
(Baynes ve Dearman 1978).  
 

 
ķekil 3. Gºrg¿l baĵēntēlarēn karĸēlaĸtērēlmasē 

Bu bulgu, Arel ve ¥nalp (1998)ôin granodiyoritler 
¿zerinde yaptēĵē ­alēĸmalarla da desteklenmiĸtir. Bu 
­alēĸmada da zayēf kaya­larēn ayrēĸma ï bozunma 
durumlarē dikkate alēnmēĸ ve ayrēĸmanēn kaya 
malzemesinin kohezyonunu azalttēĵē niceliksel 
olarak belirlenmiĸtir. Eĸitlik 20 bu a­ēdan 
incelendiĵinde, 10MPa < ůc < 50MPa aralēĵēnda 
kalan kaya­lar i­in, ilerleyen ayrēĸma derecesinin 
kaya malzemesindeki kohezyonu %30 oranēnda 
d¿ĸ¿rd¿ĵ¿ ķekil 4ôten anlaĸēlmaktadēr. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ķekil 4. Ķlerleyen ayrēĸma derecesinin kohezyon 
¿zerine etkisi 

Y¿r¿t¿len deneysel ­alēĸmalar ve istatistiksel 
analizler sonucunda bu ­alēĸmadan elde edilmiĸ 
bazē sonu­lar aĸaĵēdaki gibi ºzetlenmiĸtir. 
1- Bu ­alēĸmada ºnerilen baĵēntēlar aĸaĵēdaki 

sēnērlamalar dikkate alēndēĵēnda g¿venle 
kullanēlabilir. 

¶ 10 MPa < ůc < 50 MPa 
¶ 0,7 MPa < ůtB < 6,3 MPa 
¶ 1,4 km/s < Vp < 4 km/s 
¶ 5 < mi  < 16 
2- Bu ­alēĸmada kullanēlan kaya­larda yapēlan ¿­ 

eksenli basēn­ deneylerinde, yanal basēn­ 
se­imi kayacēn tek eksenli basēn­ dayanēmēmēn 
en fazla beĸte biri ile sēnērlē kalmalēdēr. Aksi 
durumlarda anlamsēz sonu­lar elde 
edilmektedir. 

3- Kaya­larda ilerleyen ayrēĸma derecesinin kaya 
malzemesinin kohezyonunu ¿zerine olan etkisi 
niceliksel olarak belirlenmiĸtir. 

4- Zayēf kaya­larda kohezyonun dolaylē tahmini 
¿zerine yapēlmēĸ olan bu ­alēĸma, ºrnek sayēsē 
arttērēlarak daha saĵlēklē ve genel gºrg¿l 
baĵēntēlarēn geliĸtirilmesi i­in bir baĸlangē­ 
­alēĸmasē olarak kabul edilebilir.   

 
 
 
 

3
4
5
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7
8
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1 2 3 4

ů  = 50MPac

K
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Ayrēĸma Derecesi, W d

*Eĸitlik 20 ile belirlenen kohezyon deĵerleridir.
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¥ZET: A­ēk ocak madenciliĵinde ¿retim aĸamasēnda yaygēn olarak patlatma iĸlemleri 
ger­ekleĸtirilmektedir. Patlatma iĸlemi sonucunda oluĸan yēĵēnēn par­a boyut daĵēlēmēna etki 
eden bir­ok faktºr mevcuttur. Bu faktºrlerin en ºnemlileri, patlayēcē madde cinsi ve patlatma 
tasarēmē ile birlikte ­alēĸēlacak arazinin jeolojik yapēsēdēr. ¥zellikle ayna y¿zeyinde gºzlenen 
s¿reksizlik aralēĵē,  dolgu durumu gibi parametreler patlatma sonrasē yēĵēn boyut daĵēlēmēnda 
etkendir. Kaya k¿tlesi ºzelliklerini inceleyen yaklaĸēmlardaki ortak sonu­, kayacēn s¿reksizlik 
ºzelliklerinin patlatma sonu­larēnē etkileyeceĵi ĸeklindedir. S¿reksizlik tanēmlamasē yapmak 
i­in ­eĸitli sēnēflama yºntemleri mevcuttur. Hazērlanan bu ­alēĸmada, Iĸēkkent mevkiinde 
bulunan bir agrega ocaĵēnda toplam 11 adet patlatma deneyi yapēlarak, s¿reksizlik 
ºzelliklerinin sēnēflamasēnē ve deĵerlendirmesini yapan Jeolojik Dayanēm Ķndeksi (GSI) ile 
patlatma sonucu oluĸan yēĵēnēn ortalama tane boyutu arasēndaki iliĸki irdelenmiĸtir.  
 
 
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 
Iĸēkkent. 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 GĶRĶķ 
Madencilikte, ºzellikle a­ēk ocak 
madenciliĵinde kaya­larēn par­alanmasē i­in 
genellikle patlayēcē maddelerden 
yararlanēlmaktadēr. Patlayēcē madde 
kullanēlarak yapēlan ¿retimlerde oluĸan 
yēĵēnēn par­a boyut daĵēlēmē y¿kleme, 
nakliye ve kērma proseslerinin 

ekonomikliĵini doĵrudan etkilemektedir. Bu 
etki gºz ºn¿ne alēndēĵēnda, patlatma sonrasē 
oluĸacak yēĵēn boyut daĵēlēmēnēn 
denetlenebilmesi ºnem kazanmaktadēr. 
Boyut daĵēlēmēna etki eden faktºrler iki ana 
baĸlēk altēnda toplanabilir. Bunlar; kontrol 
edilebilir parametreler (delik ­apē, patlatma 
yºn¿, delik eĵimi, dilim kalēnlēĵē vb.) ve 

Patlatma Sonrasē Oluĸacak Yēĵēnēn Ortalama Boyutu ile Jeolojik 
Dayanēm Ķndeksi (GSI) Ķliĸkisinin Araĸtērēlmasē 

T. ¥ngen, D. Karakuĸ, G. Konak, A. Tosun, A.H. Onur 
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2 ORTALAMA TANE BOYUTUNUN 
BELĶRLENMESĶ VE GSI

πȟρτσ Ὢ  ὄ   ȟ
ȟ ȟ

(1)
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kullanmaktadēr. Bu ­arpan; homojen masif 
kayaya nazaran ­ok kērēklē bir kaya­ i­in     
% 50 daha fazladēr. Bu par­alanma 
eĸitliĵinin bir versiyonu da Dyno Nobel 
patlatma programē olan Blastecôte 
kullanēlmēĸtēr.  

Kou ve Rustan (1993)  ortalama boyut 
tahmini i­in, model ºl­ekli patlatma 
testlerinden elde edilen kapsamlē bir model 
ve literat¿r ­alēĸmalarēna dayanarak farklē bir 
par­alanma teorisi sunmuĸtur. Bu teori, 
%50ôden ge­en tane boyutunu vermekte 
fakat par­alanma daĵēlēm eĵrisinin ĸeklini 
vermemektedir (Eĸitlik 2). 

ὼ πȟπρ ”ὧ ȟ ὄ ȟ

ȟ ȟ

ȟ        (2) 

Eĸitlik 2ôde gºr¿ld¿ĵ¿ gibi ortalama tane 
boyutunun tahmininde kaya k¿tlesinin 
dayanēm ºzellikleri (”ὧ) faktºr¿ne baĵlēdēr. 
Patlayēcēnēn kuvveti D faktºr¿ ile verilmiĸtir. 
Bu eĸitlik 1987 yēlēnda dirence baĵlē olan 
¿niformluk indeksinin kullanēldēĵē Rustan ve 
Nieôye ait olan eĸitliĵin geliĸtirilmesi ile elde 
edilmiĸtir. Bu eĸitlik X50 deĵeri i­in S/B 
oranē hari­ diĵer parametreler deĵiĸtiĵinden 
SveDeFo par­alanma eĸitliĵi ile 
­eliĸmektedir.  

Kuznetsov (1973)  ºzg¿l ĸarj ile patlatma 
sonrasē yēĵēnēn ortalama boyutu arasēndaki 
iliĸkiyi kaya k¿tlesini bir girdi parametresi 
olarak kullanarak aĸaĵēda verilen eĸitliĵi (3) 
ºnermiĸtir. 

8 ! Ȣ 1 Ⱦ                                          (3) 
 
Burada; 
8   :Ortalama boyut (cm),  
A  :Kaya faktºr¿,   
6    :Delik baĸēna patlatēlacak hacim 

(dilim kalēnlēĵē x delikler arasē mesafe x 
basamak y¿ksekliĵi,  m3),  

1    :Delik baĸēna kullanēlan nitrogliserin 
esaslē patlayēcē (kg).  

Ortalama boyut tahmini i­in verilen bu 
form¿l nitrogliserin esaslē detonasyon hēzē 
fazla patlayēcē maddeler i­in ºnerilmiĸtir.  

Bu patlatēcēlarēn g¿c¿ Anfoyla 
karĸēlaĸtērēldēĵēnda daha fazladēr. Patlayēcē 

madde olarak Anfo kullanēldēĵēnda d¿zeltme 
katsayēsē kullanēlarak form¿l, eĸitlik 4ôteki 
ĸekli almēĸtēr. 

 

X50=A Vo

Qe

0.8
Q

e

1
6 SAnfo

115
                         (4) 

 
 
Patlayēcē olarak Anfo kullanēldēĵēnda        

3  =100 olarak alēnēr. (Kuznetsov, 1973) 
Bu form¿le girdi olarak etki eden ºzg¿l 

ĸarj birim hacim baĸēna kullanēlan patlayēcē 
miktarē olarak tanēmlanmaktadēr. ¥zg¿l ĸarj 
miktarēnēn tespiti i­in kullanēlan baĵēntē 
eĸitlik 5ôte verilmiĸtir. 

 
 

1
q

=
V0

Qe
                                                                            

 
 
Kullanēlan patlayēcē miktarē ve ºzg¿l ĸarj 

miktarēnē ºl­¿len deĵerlerden hesaplamak 
m¿mk¿n iken kaya k¿tlesinin etkisi katsayē 
d¿zeltmesi olarak form¿le yansēmaktadēr. 
Kaya k¿tle katsayēsē A; 7 ile 13 arasēnda 
deĵerler almaktadēr. 

Kaya k¿tle katsayēsēnēn kayacēn 
karakteristik ºzelliklerini yansētmadēĵēnē 
d¿ĸ¿nen Cunnigham (1983) Kaya k¿tlesi 
patlatēlabilirliĵi ile ilgili Lilly (1986) 
tarafēndan ºnerilen kaya k¿tlesi patlatma 
indeksini ortalama boyut tahmini i­in 
ºnerilen eĸitlikteki kaya katsayēsēnēn 
belirlenmesinde kullanmēĸtēr (Eĸitlik 6). 

 
! πȟπφ 2-$ *& 2$) (&         (6) 
 
A katsayēsēnēn bulunmasēnda kullanēlan 

parametreler Tablo 1ôde verilen 
deĵerlendirmeler neticesinde tespit 
edilmektedir. 

 
Tablo 1. A Katsayēsēnēn Tespitinde 
Kullanēlan Parametreler ve Bu 
Parametrelerin Belirlenmesi 
(Cunnigham,1983). 
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RMD Kaya k¿tle sayēsē 

Eĵer kaya k¿tlesi kērēlgan gevrek yapēdaysa RMD = 10 

Eĵer d¿ĸey yºnde s¿reksizlikler varsa RMD = JF 

Eĵer masif yapēdaysa RMD = 50 

JF Kaya K¿tlesi S¿reksizlik Katsayēsē 

JF = JPS+JA 

JPS D¿ĸey S¿reksizlik aralēĵē 

Eĵer ortalama s¿reksizlik aralēĵē < 0,1m JPS = 10 

Eĵer ortalama s¿reksizlik aralēĵē  

0,1m < X < Ķri Blok boyutlu (~ 0.5m) 
JPS = 20 

Eĵer ortalama s¿reksizlik aralēĵē  

iri blok < X < Dilim Kalēnlēĵē (m)  
JPS = 50 

JPA S¿reksizlik d¿zlemi a­ēsē 

Eĵer d¿zlem a­ēsē y¿zeyin dēĸēna doĵru ise JPA = 20 

Eĵer d¿zlem a­ēsē y¿zeye dik ise JPA = 30 

Eĵer d¿zlem a­ēsē y¿zeyin i­inde kalēyorsa JPA = 40 

RDI Kaya­ yoĵunluĵu Faktºr¿ 

Kaya­ Yoĵunluĵu RD (t/m3) 
RDI = 25 

RD-50 

HF Sertlik faktºr¿ 

Eĵer Young Mod¿l¿ Y<50 HF = Y/3 

Eĵer Young Mod¿l¿ Y>50 HF = sb/5 

 
ñAò katsayēsēnēn belirlenmesinde 

s¿reksizliklerin bir takēm ºzellikleri (dolgu 
durumu, birden fazla ­atlak seti varlēĵē vs.) 
hesaba katēlmamaktadēr. Ayrēca A katsayēnēn 
tespitinde kullanēlan RMD deĵerinin de 
pratikte belirlenmesi zordur. Bu sebeple 
genel bir deĵerlendirme yapēlmēĸ ve kayacēn 
sertliĵine gºre; 
Orta sert kaya k¿tleleri i­in;      A= 7 
Sert ­ok fis¿rl¿ kaya k¿tleleri i­in;  A=10 
Sert az fis¿rl¿ kaya k¿tleleri i­in;    A=13 
olarak pratikleĸtirilmiĸtir. 

Cunningham (1983, 1987), Kuz-Ram 
boyut daĵēlēm tahmin modeli uygulamasēnda 
ateĸleme sērasē ve gecikme aralēĵēnēn 
modelde yer almadēĵē belirtmiĸ, ayrēca ­ok 
s¿reksizlik i­eren kaya yapēlarēnda patlatma 
sonrasē boyut daĵēlēmēnē belirleyen en etkin 
parametrenin kaya k¿tle ºzellikleri olduĵunu 
vurgulamēĸtēr (Hustrulid,1999).  

Ortalama tane boyutunun tahmininde 
kullanēlan yaklaĸēmlarda k¿­¿k ­eliĸkiler 
olsa da genel olarak b¿t¿n eĸitliklerde kaya 
k¿tlesi sayēsallaĸtērēlarak kullanēlmakta, 
patlayēcē miktarē ve patlatmanēn geometrisini 
temsilen ºzg¿l ĸarj ise ya bºl¿mlenerek ya 
da doĵrudan kullanēlmaktadēr. Konuyla ilgili 
bir diĵer deĵerlendirme de patlatēlacak 
aynanēn sayēsallaĸtērēlmasēnda kullanēlacak 
yºntemlerin ­eĸitliliĵidir. Bu konuda kimi 
yaklaĸēmlarda doĵrudan kaya­ malzemesinin 
mekanik ºzelliklerine dayanan parametreler, 
kimi yaklaĸēmlarda ise doĵrudan s¿reksizlik 
ºzelliklerine dayanan parametreler 
kullanēlmaktadēr. 

Kaya k¿tlesinin homojen olduĵu 
varsayēldēĵēnda tahmin modellerinden elde 
edilen deĵerler ger­eĵe yakēn deĵerler 
vermektedir. Fakat kaya k¿tlesindeki 
s¿reksizliklerden dolayē arazideki ger­ek 
deĵerler ile tahmin modellerinde elde edilen 
deĵerler farklēlēk gºstermektedir. Bu farklarē 
en aza indirmek amacēyla s¿reksizlik 
ºzellikleri katsayē olarak tahmin modellerine 
eklenmekte, kaya k¿tle ºzellikleri 
sayēsallaĸtērēlmaya ­alēĸēlmaktadēr. 

Doucent (1995) kaya k¿tlesi sēnēflama 
sistemlerinden RMR sēnēflama sitemi, Q 
sēnēflama sitemi ve RQD kaya kalite 
gºstergesi ile boyut daĵēlēmē arasēndaki 
iliĸkiyi araĸtērmēĸtēr. Buna gºre sēnēflama 
sistemlerinde d¿ĸ¿k kaya k¿tlesi 
ºzelliklerinin ¿niform olmayan boyut 
daĵēlēmēna neden olduĵu sonucunu rapor 
etmiĸ ve boyut daĵēlēmēnēn tahmin 
modellerinde ger­ek­i yaklaĸēmlarēn 
yapēlabilmesi i­in kaya k¿tle sēnēflama 
sistemlerinin kullanēlmasē gerektiĵini 
ºnermiĸtir (Karakuĸ, 2010). 

Bu bildiri kapsamēnda hazērlanan 
­alēĸmada kaya k¿tle sēnēflama 
sistemlerinden olan ñJeolojik Dayanēm 
Ķndeksi (GSI)ò kullanēlarak patlatma 
aynasēna ait karakteristikler sayēsallaĸtērēlēp 
patlatma sonrasē oluĸan boyut daĵēlēmē ile 
iliĸkilendirilecektir. 
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3 JEOLOJĶK DAYANIM ĶNDEKSĶ (GSI) 
Hoek (1995) tarafēndan ºnerilen Jeolojik 
Dayanēm Ķndeksi (GSI), daha sonra Sºnmez 
ve Ulusay (2007), tarafēndan ­ok daha 
kullanēĸlē hale getirilmiĸtir. GSI abaĵē 
kullanēlarak kaya k¿tle ºzellikleri sayēsal 
formda tespit edilebilir. GSI,  10ôdan 85ô e 
kadar ­ok farklē deĵerler alabilmektedir. Bu 
yºntemde s¿reksizliklerin y¿zey koĸulunu ve 
kaya k¿tle yapēsēnē temel alan iki parametre 
bulunmaktadēr.  

Kaya k¿tlesinin ñ­atlaklēlēkò durumunu 
belirten yapēsal ºzellik puanē kaya k¿tlesinin 
hacimsel ­atlak sayēsēndan ñJvò 
hesaplanabilir (Eĸitlik 7).  

 
SR= Ȥ 17,5lnJv+79,8                (7) 
 

¢atlak aralēk ºl­¿mlerinden Jvônin 
belirlenmesi i­in Palmstrºm (1996) aĸaĵēdaki 
eĸitliĵi ºnermiĸtir (Eĸitlik 8). 

 
*  Ễ           (8) 

 
Jv :Hacimsel ­atlak sayēsē (­atlak 

adeti/m3), 
Ln  : Her ­atlak takēmēna (1ôden nô e 

kadar) dik yºndeki ºl­¿m hattēnēn uzunluĵu, 
Nn  : Her ­atlak takēmēndaki (1ôden nô e 

kadar) ­atlak sayēsē, 
n   :¢atlak takēmē sayēsē. 
 

Genellikle hat et¿tlerinin her ­atlak takēmēna 
dik yºnde yapēlmasē g¿­t¿r. ¢¿nk¿ ­atlak 
takēmlarē farklē yºnelimlere sahiptir. Bu 
zorluĵu ortadan kaldērabilmek amacēyla 
Sºnmez ve Ulusay (1999) eĸitlik 9ôda verilen 
ifadeyi ºnermiĸlerdir (Arēoĵlu, 2009). 
 

*  Ễ   В      (9) 
 
S  : Her ­atlak takēmēnēn ger­ek aralēĵē;  
n  : ¢atlak takēmē sayēsē. 
 

 
ķekil 1.  Bir fotoĵraf ¿zerinde ĸematik 
hat et¿d¿ gºsterimi. 

 

 
ķekil 2. Gºr¿n¿r (a) ve ger­ek aralēk (s) 
parametreleri arasēndaki iliĸki (Sºnmez ve 
Ulusay, 2007) 
 
Ķleri derecede eklemli aĸērē derecede 
par­alanmēĸ kaya k¿tlelerinde eklem 
takēmlarēnēn ayērtlanmasē olduk­a g¿­t¿r.  Bu 
nedenle, bu t¿r kaya k¿tlelerinde Jvônin 
tahmini i­in birbirine dik ¿­ yºnde yapēlan 
hat et¿tleriyle belirlenen eklem sayēlarē esas 
alēnarak eĸitlik 10 ºnerilmiĸtir (Sºnmez ve 
Ulusay, 1999). 
 

*           adet/m3            (10)              

 
Sx,y,z  : Birbirine dik x, y ve z yºnlerindeki 

ortalama s¿reksizlik aralēklarē. 
Ķleri derecede eklemli homojen kaya 

k¿tlelerinde Sx å Sy å Sz kabul edilerek 
eĸitlik aĸaĵēdaki halini almēĸtēr. 

 

*      adet/m3                      (11) 
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Buradaki S; ortalama s¿reksizlik aralēĵēdēr. 
Sºnmez ve Ulusay (1999) Jv i­in aralēk 
deĵerlerini ISRM (1981)ô den almēĸ ve GSI 
sistemine uyarlamēĸtēr. Daha sonra 2002 
yēlēnda modifiye edilerek saĵlam veya masif 
kaya grubu da sēnēflamaya eklenmiĸtir. 
Yukarēdaki eĸitliklerden hesaplanan Jv deĵeri 
­atlak takēm sayēlarē dikkate alēnmadēĵēndan 
doĵru olmayabilir ve ger­ekte olacak 
deĵerden daha y¿ksek deĵerler elde 
edilebilir. Bu sorunu ortadan kaldērmak i­in 
Sºnmez ve Ulusay (2002) aĸaĵēdaki eĸitliĵi 
ºnermiĸlerdir (Eĸitlik 12): 

 
* $             adet/m3         (12) 
 
Dn  : Birbirine paralel veya paralele 

yakēn olan s¿reksizlikler aynē ­atlak 
takēmēnda kabul edilerek belirlenen ­atlak 
takēmē sayēsē 

S   :  Ortalama s¿reksizlik aralēĵē 
 

SR hesaplanērken Eĸitlik 7 kullanēlabileceĵi 
gibi, GSI abaĵēnēn sol ¿st kºĸesinde yer alan 
grafikten de yararlanēlabilmektedir.  

S¿reksizlik ­atlak koĸulu puanlamasē i­in 
s¿reksizlik y¿zeylerinin p¿r¿zl¿l¿ĵ¿, 
bozunma derecesi ve s¿reksizlik arasē dolgu 
durumu dikkate alēnmaktadēr. Buna gºre; 

 
SCR=Rr + Rw + Rf            (13) 
 
Rr   :¢atlak y¿zeylerinin p¿r¿zl¿l¿ĵ¿ne 

iliĸkin puan; (0 ï 6) 
Rw   : Bozunma ï ayrēĸma ï derecesi ile 

ilgili puan; (0 ï 6) 
Rf   :¢atlak i­i malzemesine iliĸkin   

puan; (0 ï 6) 
 

Kaya k¿tlesi incelenerek sºz konusu 
faktºrlere puanlar verilir. SR ve SCR 
b¿y¿kl¿kleri belli olunca kaya k¿tle 
ºzelliklerini sayēsallaĸtēran GSI abaĵēndan 
GSI deĵeri bulunabilir. GSI abaĵē ķekil 3ô te 
verilmiĸtir. 

 
ķekil 3. GSI sēnēflama sistemi abaĵē 
(Sºnmez ve Ulusay 2002) 

4 ARAZĶ ¢ALIķMASI 
Ķzmir Iĸēkkent mevkiinde bulunan bir agrega 
ocaĵēnda 11 adet patlatma takip edilmiĸtir. 
¥ncelikli olarak takibi yapēlacak 
patlatmalarēn teknik parametreleri (basamak 
boyu, dilim kalēnlēĵē, kullanēlan patlayēcē 
madde miktarē vb.) kayēt altēna alēnmēĸ ve 
ºzg¿l ĸarj deĵerleri belirlenmiĸtir. Ocakta 
uygulanan delik geometrisi ve patlatma 
deliĵi d¿ĸey kesiti ķekil 4ôte gºsterilmiĸtir. 
Her patlatma ­alēĸmasē i­in belirlenen ºzg¿l 
ĸarj deĵerleri de Tablo 2ôte verilmektedir. 11 
adet patlatmaya ait ºzg¿l ĸarj deĵerlerine 
bakēldēĵēnda 0,5 kg/m3 ile 0,6 kg/m3 arasēnda 
deĵiĸmektedir. Bu durum, patlatma sonrasē 
oluĸacak tane boyut daĵēlēmēnda etken 
parametrenin kaya k¿tle ºzellikleri olduĵunu 
gºstermektedir. 
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Patlatma No ¥zg¿l ķarj 
(kg/m3) 

 =
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ķekil 6. Patlatma-1 araĸtērmasēna ait yēĵēndan 
elde edilen gºr¿nt¿n¿n analiz aĸamalarē 
 
11 adet aynadan elde edilen s¿reksizlik 
verileri neticesinde SCR ve SR puanlarē 
hesaplanarak Jeolojik Dayanēm Ķndeksi 
(GSI)  abaĵēndan her patlatma aynasēna ait 
GSI deĵerleri tespit edilmiĸtir (ķekil.7). 
 

 
ķekil 7. ¢alēĸēlan agrega ocaĵēnda ºl­¿m 
alēnan aynalara ait GSI deĵerlerinin 
gºsterimi ve ocaĵa ait GSI deĵerleri 
 
 

Yukarēdaki ĸekil incelendiĵinde ­alēĸēlan 
ocaĵa ait GSI deĵerlerinin yaklaĸēk 35 ile 50 
deĵerleri arasēnda olduĵu gºr¿lmektedir. Bu 
sēnēflamaya gºre incelenen agrega ocaĵē 
ñ¢OK BLOKLU - dºrt veya daha fazla 
sayēda s¿reksizlik takēmēnēn kesiĸmesiyle 
oluĸmuĸ ­ok y¿zeyli-kºĸeli bloklar i­eren, 
kēsmen ºrselenmiĸ kaya k¿tlesiò yapēsal 
ºzelliĵi gºstermektedir.  Elde edilen GSI 
deĵerleri Tablo 4ôte verilmektedir. 

5 ¥L¢¦M SONU¢LARININ 
DEĴERLENDĶRĶLMESĶ 
S¿reksizlikler ile patlatma verimi arasēndaki 
iliĸkiyi belirlemek i­in arazide yapēlan 
patlatmalardan elde edilen veriler 
kullanēlmēĸtēr. Toplam 11 patlatma aynasēna 
ait s¿reksizlik ºl­¿mlerinden elde edilen 
veriler kullanēlarak GSI deĵerleri 
hesaplanmēĸtēr. Her bir patlatma araĸtērmasē 
i­in WIPFRAG programē ile elde edilen D50 
ile Patlatma aynalarēna ait GSI deĵerleri 
arasēndaki iliĸkinin varlēĵē, R2 = 0,86 ôl¿k bir 
korelasyon katsayēsē ile ortaya konulmuĸtur. 
(ķekil 8). 

GSI ile D50 arasēndaki grafiksel iliĸki 
incelendiĵinde ­alēĸēlan ocak i­in ºzg¿l ĸarj 
deĵerleri 0,5-0,6 kg/m3 aralēĵēndayken GSI 
deĵeri arttēk­a ortalama tane boyutu 
irileĸmektedir. Farklē bir ifadeyle ºzg¿l ĸarj 
0,5-0,6 kg/m3 aralēĵēndayken patlatēlan 
kayacēn homojenliĵi arttēk­a par­alanma 
derecesi kºt¿leĸmekte ve iri par­alar 
meydana gelmektedir.  

 
ķekil 8. D50 ile GSI deĵerleri arasēndaki 
grafiksel iliĸki 
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Tablo 4. 11 Adet Patlatma Araĸtērmasēna ait D50, S¿reksizlik Aralēĵē, ¢atlak Seti Sayēsē, 
Dolgu Durumu ve GSI Deĵerleri 

 Ortalama Tane 

Boyutu  

(D50) (m) 

S¿reksizlik 

Aralēĵē 

(m) 

¢atlak Seti 

Sayēsē 
Dolgu Durumu 

Hesaplanan GSI 

Deĵerleri 

 

¥zg¿l ĸarj 

PA
T

L
A

T
M

A
 N

O
 

1 0,2553 30,35 3 kire­taĸē, 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 
4 0,3323 20,7 2 kalsit; > 5 mm 37 0,56 
5 0,2922 49,65 3 kire­taĸē, kil; > 5 mm 36 0,54 
6 0,3143 35,9 3 kalsit; > 5 mm 38 0,54 
7 0,2598 25,06 2 kil; > 5 mm 34 0,55 
8 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 SONU¢LAR 
Patlatma sonucu oluĸacak yēĵēnēn boyut 
daĵēlēmē ve ortalama tane boyutu patlatmanēn 
verimliliĵi a­ēsēndan ºnemli iki parametredir. 
Ger­ekte bir patlatmada ortalama boyut ve 
yēĵēn boyut daĵēlēmēnēn oluĸumu kaya k¿tlesi 
ºzellikleri ile birlikte delik ­apē, delik boyu, 
delikler arasē mesafe delik y¿k¿ ve ateĸleme 
sērasē ile serbest y¿zey oluĸum mekanizmasē 
tarafēndan denetlenmektedir. Madencilik 
sektºr¿nde boyut k¿­¿ltmenin ilk aĸamasē 
olan patlatma iĸlerinde patlatma sonucu 
oluĸacak yēĵēna ait boyut daĵēlēmēnēn 
patlatma yapmadan ºnce tahmin edilebilmesi 
yukarēda sayēlan deĵiĸkenleri i­eren 
karmaĸēk modellemelerle m¿mk¿nd¿r. 
Tahmin modellerinde patlayēcē miktarē, 
patlatma geometrisi ve patlatēlacak ĸev 
aynasēnēn kaya k¿tle ºzelliklerini i­eren 
ampirik yaklaĸēmlar yaygēn olarak 
kullanēlmaktadēr. Bu ampirik yaklaĸēmlarda 
ºzellikle patlatēlacak aynanēn 
sayēsallaĸtērēlmasē kēsmēnda bir takēm farklē 
kabuller ve ortalama tane boyutunun 
belirlenmesinde kullanēlan dijital gºr¿nt¿ 
analiz yºntemleri gibi kēsētlē deĵerlendirme 
aĸamalarē konunun tartēĸēlabilir ve g¿ndemde 
olmasēna neden olmaktadēr. Bu ­alēĸmada da 
kaya k¿tle sēnēflama sistemlerinden birisi 
olan GSI sēnēflama sistemi ile patlatēlacak 
aynanēn sēnēflamasē yapēlmēĸ ve ortalama 

tane boyutu ile iliĸkisi deĵerlendirilmiĸtir. 
Buna gºre; 

1. Literat¿rde kabul gºrm¿ĸ ortalama tane 
boyut tahmini i­in ­eĸitli ampirik modeller 
mevcuttur. Bu modellerde farklēlēklar 
olmasēna raĵmen ortak nokta, ortalama tane 
boyut tahmini yapan ampirik modellerin 
hepsinde ºzg¿l ĸarj ile birlikte kaya k¿tlesi 
ºzellikleri kullanēlmaktadēr. 

2. Kaya k¿tlesi ºzelliklerinin belirlenip 
sēnēflanmasē i­in s¿rekli geliĸen ve 
g¿ncellenen sēnēflama sitemleri 
bulunmaktadēr. Bu sēnēflama sistemlerinden 
GSIônin bu ­alēĸmada kullanēlmasēnēn 
nedeni;  kaya k¿tlesinin gºr¿nen bozunma 
derecesini en iyi yansētan sistem olmasēdēr. 

3. GSI ile ortalama boyut arasēndaki 
iliĸkinin araĸtērēlmasē i­in 11 adet patlatma 
takip edilmiĸ, patlama ĸev aynasēnēn GSI 
deĵerleri belirlenmiĸtir. Buna gºre sahanēn 
yapēsal ºzelliĵi  ñ¢OK BLOKLU - dºrt veya 
daha fazla sayēda s¿reksizlik takēmēnēn 
kesiĸmesiyle oluĸmuĸ ­ok y¿zeyli-kºĸeli 
bloklar i­eren, kēsmen ºrselenmiĸ kaya 
k¿tlesiò olarak belirlenmiĸtir. GSI ºzellikleri 
belirlenen bu aynalarēn; 0,5-0,6 kg/m3 ºzg¿l 
ĸarj deĵerleri ile patlatēlmasē sonucu oluĸan 
ortalama tane boyutunun belirlenmesinde 
dijital gºr¿nt¿ analizi yºntemleri 
kullanēlmēĸtēr.  
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4. GSI ile ortalama tane boyutu arasēnda 
y¿ksek korelasyonlu doĵrusal bir iliĸki       
(R2 = 0,86) tespit edilmiĸtir. Bunun anlamē; 
bloklu, par­alanmēĸ, s¿reksizlikleri az 
a­ēklēklē ve/veya kapalē, s¿reksizlik aralarē az 
dolgulu ve/veya dolgusuz olan kaya k¿tle 
ºzelliklerine sahip aynalarda ºzg¿l ĸarj    
0,5-0,6 kg/m3 aralēĵēnda kalmak koĸulu ile 
par­alanma derecesi artmakta, par­a boyutu 
d¿ĸmektedir.   
 

Her ne kadar patlatma sonucu oluĸan yēĵēn 
boyut daĵēlēmē ile ortalama tane boyutu 
arasēnda iliĸki tespit edilmiĸ olsa da bu 
deĵerlendirme, ­alēĸma yapēlan agrega sahasē 
ve kire­taĸēna ºzeldir. Diĵer taraftan 
par­alanmanēn derecesi ile oluĸan yēĵēnēn 
boyut daĵēlēmē arasēnda fark bulunmaktadēr. 
¥rneĵin ortalama tane boyutu k¿­¿k 
olmasēna raĵmen; ¿niform daĵēlmamēĸ, tane 
sēnēflarē arasēnda fark olan bir yēĵēn ile 
ortalama tane boyutu kēsmen y¿ksek ama 
yēĵēnē oluĸturan tanelerin ­oĵunun eĸ boyutlu 
olmasē patlatma sonucunun daha verimli 
olarak deĵerlendirilmesine neden olabilir. 
S¿reksizlik ºzelliklerinin az olduĵu GSI 
deĵeri y¿ksek kaya k¿tlesi yapēlarēnda, 
patlayēcē enerjisi kaya k¿tlesi i­erisinde 
homojen bir ĸekilde yayēlarak par­alanmanēn 
kontrol edilebilmesini saĵlayabilir. Diĵer bir 
deĵiĸle kaya k¿tle ºzellikleri y¿ksek, masif 
ortamlarda par­alanmanēn derecesi tahmin 
edilebilir. Ancak kaya k¿tle ºzellikleri zayēf 
s¿reksizlik ortamlarda yapēlan patlatmalarda 
ortalama boyut d¿ĸ¿k ­ēksa da kontrol 
edilemeyen iri boyutlu taneler oluĸabilir.  
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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).It 
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 

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 (ůcm) and in situ stress (p0 = ɔH) 
which includes four degrees for classes of 
squeezing intensity (table1). 

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 (ůci) to the 
overburden pressure (ɔH). Squeezing 
conditions will occur if the ratio (ůci/ɔH) 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 (ůcm) to the in situ stress (p0) 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 ůcm/p0. 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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Table1. Empirical and Semi-Empirical methods for squeezing assessment in the tunnels 

methods Parameters relation Considerations 

E
m

pi
ri

ca
l 

m
et

ho
ds

 

Singh et al.    
(1992) 

Q: rock mass quality 
H: overburden 

Ὄ συπὗ  Squeezing: ( ḻ συπ1  
Non squeezing: ( Ḻ συπ1  

Goel et al. 
(1995) 

N: rock mass number 
B: tunnel span
H: overburden 

Ὄ ςχυὔ Ȣ ὄ

 

Squeezing: ( Ḻ ςχυ. Ȣ "  
Non squeezing: ( ḻ ςχυ. Ȣ "  

Jimenez et al. 
(2011) 

Q: rock mass quality 
H: overburden 

Ὄ τςτȢτὗ Ȣ  
 

Squeezing:( ḻ τςτȢτ1 Ȣ  
No squeezing: Ὄ Ḻ τςτȢτὗ Ȣ  

Se
m

i-e
m

pi
ri

ca
l m

et
ho

ds
 

Jethwa et al. 
(1984  

ů : rock mass uniaxial 
compressive strength 
Ð : in situ stress 
ɔ: rock mass unit weight 
H: tunnel depth below 
surface. 

ὔ
Ð (

 

highly squeezing: ů πȢτ 

moderately squeezing:πȢτ ů πȢψ 

mildly squeezing:ς ů ς 

non squeezing: ů ς 

Aydan et al. 
(1993) 

ʎ : uniaxial compressive 
strength of intact rock 
ʀ : tangential strain of 
circular tunnel 
ʀ : elastic strain limit of 
rock mass 
‐ : elastic strain limit of 
intact rock 
‐ ȟ ‐ ȟ ‐ :strain values 

ʂ
‐
‐

ς„ Ȣ  

ʂ
‐
‐

σ„ Ȣ  

ʂ
‐
‐

υ„ Ȣ  

Non-squeezing: ʀ ʀϳ ρ 

Light-squeezing: ρ ʀ ʀϳ ʂ  

Fair-squeezing: ʂ ʀ ʀϳ ʂ  

Heavy-squeezing: ʂ ʀ ʀϳ ʂ  

Very heavy squeezing:ʂ ʀ ʀϳ  

Hoek and 
Marinos (2000)  

ʀ : tunnel strain 
Ð :Internal support 
pressure 
ὴ : In situ stress 
„ : Rock mass strength 
ά :Hoek-Brown constant 
GSI: Geological Strength 
Index 

Ů πȢρυ ρ
ὴ
ὴ

 

„
ὴ

Ȣ Ȣ
 

„ πȢππστά Ȣ „  

ρȢπςω πȢπςυὩ Ȣ  

few support problems: ρ 

minor squeezing: ρ ‐ ςȢυ 

severe squeezing: ςȢυ ‐ υ 

very severe squeezing: υ ‐ ρπ 

extreme squeezing: ρπ ‐ 

Singh et al. 
(2007) 

Q: rock mass quality 
ɾ: density of rock mass 
ů : UCS of intact rock 
% : elastic  modulus of 
the intact rock, 
Ů : Critical strain 
SI: Squeezing Index 

Ů σρȢρ
„ Ȣ

Ὁ ɔ Ȣ ὗ Ȣ  

υȢψτ
„ Ȣ

Ὁ Ȣ ὗ Ȣ

ὛὍ
/ÂÓÅÒÖÅÄ ÏÒ ÅØÐÅÃÔÅÄ ÓÔÒÁÉÎ

#ÒÉÔÉÃÁÌ ÓÔÒÁÉÎ

No squeezing: SI<1.0 

Light squeezing: 1.0<SIÒ2.0 

Fair squeezing: 2.0<SIÒ3.0 

Heavy squeezing: 3.0<SIÒ5.0 

Very heavy squeezing: 5.0<SIÒ10 
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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): 

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

 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 

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: 

 Visco – elastic model(Kelvin, 
Maxwell, Burgers model),  

 Visco-elasto-plastic model  (CVISC 
model)  

 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). 

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 m3 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 about1160m. 

 

 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. 

 

Figure 3. Table of GSI for different zone in 
the tunnel route 

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 

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-Ml(ll) 
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. 

 
Figure 4. Prediction of squeezing potential 
for Sabzkuh tunnel’s zone by Singhet 
al.(1992) 

Figure 5. Prediction of squeezing potential 
for Sabzkuh tunnel’s zone by Jimenez et 
al.(2011) 
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Figure 6. Prediction of squeezing potential 
for Sabzkuh tunnel’s zone by Goel et 
al.(1995) 

 
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. 
 

 
 

Figure 8. Prediction of squeezing potential 
for Sabzkuh tunnel’s zone by Jethwa et 
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-Ml(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 
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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 

Hoek (2000) Jethwa (1984) Goel (1995) 
Jimenez 

(2011) 

Singh 

(1992) 

Over 

burden 
to from Tunnel zone 

Few problem 

support 

Mildly-

squeezing 

Self-

supporting NS NS1 57 0+344 0+000 Sh-Ml 

Few problem 

support 
No-Squeezing No-Squeezing NS NS 86 0+482 0+344 Ma-Ml 

Few problem 

support 

Mildly-

squeezing 
No-Squeezing NS NS 199 0+960 0+482 Li-Ma 

Minor 

squeezing 

Moderate- 

squeezing 
No-Squeezing NS NS 308 1+229 0+960 Ma-Ml(ll) 

Extremely 

squeezing 

Highly 

squeezing 
No-Squeezing NS S2 346 1+383 1+229 Sh-Ml(ll) 

Few problem 

support 

Mildly-

squeezing 

Moderate- 

squeezing S S 761 2+914 1+383 Li 

Very severe 

squeezing 

Highly 

squeezing 

High-

squeezing S S 1136 3+758 2+914 Li-Sh 

severe 

squeezing 

Highly 

squeezing 

High-

squeezing S S 1157 7+071 3+758 M-Do 

Extremely 

squeezing 

Highly 

squeezing 

Moderate- 

squeezing S S 562 7+706 7+071 Br-Do 

Minor 

squeezing 

Mildly-

squeezing 

Mild-

squeezing NS S 460 8+255 7+706 Li-Do 

Extremely 

squeezing 

Highly 

squeezing 

Mild-

squeezing S S 352 8+430 8+255 Sh-Sa 

Few problem 

support 

Mildly-

squeezing 

Mild-

squeezing NS S 408 8+911 8+430 Li-Do(ll) 

Minor 

squeezing 

Mildly-

squeezing 
No-Squeezing NS NS 209 9+390 8+911 Br-Do(ll) 

                                                 
1 Non-squeezing 
2 squeezing 
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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 (Ůe), primary creep (Ů1) and secondary 
creep (Ů2)  as follows: 
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Parameters, K, and Gm are the bulk 
modulus and shear modulus of the spring, ɖm 
is the viscosity coefficient of the dash pot in 
the Maxwell section and Parameters Gk, and 
ɖk are the shear modulus of the spring, and 

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

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 Gk ɖk ɖm 

9.57e9 1.29e9 2.23e9 8.15e10 1.74e13 

 
Figure 12. Primary creep in for the stage of 
tests 1 

 

л
лΦллр

лΦлм
лΦлмр

лΦлн
лΦлнр

лΦло
лΦлор

лΦлп

лΥллΥлл мнлΥллΥлл нплΥллΥлл

Test-1 

л
лΦлллр

лΦллм
лΦллмр

лΦллн
лΦллнр

лΦлло
лΦллор

лΦллп

л нлл плл слл

ŘŜǾƛŀǘƻǊƛŎ
ǎǘǊŜǎǎ о

ŘŜǾƛŀǘƻǊƛŎ
ǎǘǊŜǎǎ р

ŘŜǾƛŀǘƻǊƛŎ
ǎǘǊŜǎǎ сΦр

ŘŜǾƛŀǘƻǊƛŎ
ǎǘǊŜǎǎ мл



570

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

 

 
Figure13. Secondary creep for the stage of 
test-1 

 

6 NUMERICAL SOLUTIONS 
In this study, FLAC3D (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 1.62e9 
Gm 0.55e9 
Gk 2.23e9 

k 8.15e10 (min.pa) 
m 1.74e13 (min.pa) 

Over burden 562 m 
Density 2.65 (gr/cm3) 

K0 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 

displacement against creep time for sidewall 
of tunnel. 

 

 
 

Figure 14. 3D model of excavated model 

 
 

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 

 

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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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). 

Behavior Assessment of Seismic Activity in Tabas Coal Mine 
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Department of Mining and Metallurgical Engineering, Amirkabir University of Technology, 
Tehran, Iran. 
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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. 

Figure 1. Number of induced earthquakes 
versus time, which are based on events with 
moment magnitudes Mw>4.5 (Klose, 2010, 

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) 

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 ML, Ms, Mb and Mw, 
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 Mw. Frequently, Mw is 
utilized for comparison of seismic events. 

( ) 2
s L LM 1.27 M 1 0.016M= - -                              (1) 

( )w sM 0.67 0.005 M= °   

( ) s2.07 0.03 3.0 M 6.1+ ° ¢ ¢                          (2) 

( )w sM 0.99 0.02 M= °   

( ) s0.08 0.13 6.2 M 8.2+ ° ¢ ¢                         (3) 

( )w bM 0.85 0.04 M= °   

( ) s1.03 0.23 3.5 M 6.2+ ° ¢ ¢                          (4) 

Where ML, Ms, Mb and Mw are the local 
magnitude, the surface wave magnitude, the 
body wave magnitude and the moment 
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magnitude, respectively (Kanamori1983; 
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 (Düzce 
,Turkey), Wrights railway tunnel (California, 
United States), Kern County railway tunnel 
(California, United States) hit by the 1999 
Düzce 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. 

Figure 3. Location of TCM district in Iran 



576

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 

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 
acceleration (g) 

Peak surface 
acceleration (m/s2) 

Underground damage Damage on surface 
to buildings 

Macroseismic 
intensity 

< 0.18 < 1.77 None  
(No damage) 

frequent heavy 
damage 

7 

0.18 – 0.25 1.77 – 2.45 Few minor  
(Minor damage) 

heavy damage to 
many buildings 

8 

0.25 – 0.5 2.45 – 4.9 Little  
(Minor damage) 

massive 8-9 

> 0.5 > 4.9 Larger 
(Damage/collapse) 

major 10 

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, 

1979). It has, however, been observed that 
severe local damage might occur if the mine 
intersects a fault, and if there is any 
displacement along this fault during the 
earthquake (Kaplanides and Fountoulis 
1997). Bedding planes and other 
discontinuities may also serve as local faults 
within a mine structure.  

3.2 Seismicity data for the Tabas region 
Data in relation to previous seismic activity 
in the region of Iran where TCM is located 
was obtained from the British Geological 
Survey (BGS) and International 
Seismological Centre (ISC), Earthquake 
Information Services, which have compiled 
a World Seismicity Database (IRITEC, 
2003; ISC, 2012). The database provides 
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 km2 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 

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. 

 

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 

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/s2), 
m/s2 and cm/s2 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: 

( ) ( )0.41
10log [ log 0.032 10 ] 0.217sM

sA R M= - + ³ + +   
0.41 0.0034 1.3sM R- +                    (5)  
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Where A, Ms and R are PHGA (cm/s2), 
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: 

( ) ( )2 2 0.5
10 10log 0.87 0.217 log ( )sA M d h= - + - +   

( )0.52 20.00117 d h- +                       (6)  
Where A, Ms, 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): 

( ) ( )0.4537
10 10log log 0.0183 10 0.0015wMA R R= - + ³ -  

0.5344 2.7809WM+ -                      (7)  
Where A, Mw 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): 

[ ]ln 4.15 0.623 0.96lnsA M R= + -                    (8) 
( ) 2

10log 2.173 0.185 0.006s sA M M= + +   

( )2 2 0.5
100.938log ( )d h- +                 (9) 

Where A, Ms, R, d and h are PHGA 
(cm/s2), 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. 

Figure 6. Histogram of surface wave 
magnitude (Ms) 

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 (Ms) 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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Figure 8. Peak acceleration predicted versus 
year of event for TCM locality (with 
different relations) 

In appendix, each graph of different 
empirical relations of PHGA, based on 
changes in PHGA (g), surface wave 
magnitude (Ms), 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 

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. 

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 4.3 3.2 
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 

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 5km 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 (Ms), 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 program (Figure 1.).

 

                      

Figure 1. Example of disorders in the construction of « Samour –Apcheron » concrete 
channel. 

2.1 Mineralogical 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  W % 10 -16 
Degree of saturation Sr % 83 - 91 
Wet Unit Weight  hg  kN / m3 21.6 – 22.5 
Dry Unit Weight  dg  kN / m3 17.7 – 18.3 
Specific Unit Weight sg  kN / m3 27.3 – 27.4 
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  IL % -41.0 to -74.0 
Coefficient of compressibility av 1/MPa 0.08 
Modulus of distortion between 0.1 - 
0.2MPa 
  - At natural water content  
  - After saturation   

E 
 

MPa 
 

 
7.0 – 7.8 
6.0 – 7.2 

Cohesion 
  - At natural water content 
  - After saturation   

C MPa 
 

 
0.2 – 0.58 
0.08 – 0.14 

Internal friction angle 
  - At natural water content 
  - After saturation   

j  Degree  
25 - 31 
17 - 23 

Grain size distribution 
1. 0.5 - 0.25 mm 
2. 0.25 – 0.1 mm 
3. 0.1 – 0.05 mm 
4. 0.05 – 0.01 mm 
5. 0.01 – 0.005 mm 
6. 0,005 – 0.001 m 

 
% 
% 
% 
% 
% 
% 

  
--- 
--- 

18.26 
23.58 
11.79 
46.37 

 
The chemical analysis of the samples of inflating clays gave the following 
composition: 

SiO2: 52.28 %          Al2O3: 15.27 %          Na2O: 2.73 % 
K2O: 2.59 %            MgO: 2.45 %              CaO: 6.70 % 

  TiO2: 0.79 %            MnO2: 0.10 %            Fe2O3: 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° of the 
sample 

Units  Denomination 
Na+K Ca++ Mg++ Cl SO4 HCO3 CO3 PH 

1 % 13.88 1.49 0.33 7.3 6.59 1.19 0.63 7.5 
2 % 12.18 1.69 0.33 7.30 5.42 0.89 0.59 7.8 
3 % 13.88 1.29 0.25 7.30 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), 

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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compression stresses as well as the 
variation of the inflation potential 
according to the water content in 
oedometer tests. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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: 
 

)(0 PeWW SWSW
g-=                                          (1) 

With: 
 0

SWW : The content in water of a sample after 
swelling without load (P = 0) 
And  

öö
÷

õ
ææ
ç

å
ö
÷
õ

æ
ç
å=

SW

SW

W
W

P

0

ln1g
                                          (2) 

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. 
 

P¿-= SWSW WW                                           (3) 
With: 
 

SWW : Initial value of content in water taken 
from the graph )(PfWSW =  (Figure 5.). 
¿ : Depends directly on the slope   

)(PfWSW =  and for the study of soil by the 
oedometer, we obtain: 

-10,2MPa=       ;24,0 ¿=SWW  
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Figure 4. Variation of the swelling potential with time 

 

Figure 5. Variation of the water content with different load levels 

 

 

Figure 6. Variation of the inflation potential function of the different loads 
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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: 

)(0 PeWW SWSW
g-=                                          (1) 

with: 
0

SWW : Water content without loading  (P = 0)  

and        ö
ö
÷

õ
æ
æ
ç

å
ö
÷
õ

æ
ç
å=

SW

SW

W
W

P

0

ln1g                    (2) 

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. 

P¿-= SWSW WW                                           (3) 
With:  

SWW : Initial value of water content given by 
a straight line in Figure 5. 
¿ : Slope of the curve in Figure 5. 
 The obtained values are: 

-10,2MPa=       ;24,0 ¿=SWW  

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. Seed and al. 
(1962)  

                  44,25
10.16,2 Psw I

-
=e  

Nayak and Christensen Nayak and 
Christensen 
 (1971) 

                   38,610.29,2
0

245.12
+=

-

W
C

I Pswe  

Vijayvergiya and 
Ghazaly-1 

Vijayvergiya 
and Ghazzaly 
(1973) 

            
5,19

5,13065,042,62
)lg(

-+
= Ld

sw
Wge  

Vijayvergiya and 
Ghazaly-2 

Vijayvergiya 
and Ghazzaly 
(1973) 

               
12

5,54,0
)lg( 0 +-
=

WWL
swe  

Johnson Johnson (1978) 
 

           Pour IP<40 

PP

Psw

IZIWW
ZI

01215,00432,01,0
08424,05546,118,9

00 --+
+++-=e  
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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: 

[ ].)(1 0
0 PWW

P
P

SW
SW

SWSW ¿--öö÷

õ
ææç

å
-= ee         (4) 

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: 
 

swe  : Potential of swelling. 
0
swe  : Potential of swelling without loading.   

swP  : Pressure of swelling. 

swW : Initial value of water content given by 
the graph )(PfWsw =  (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 

of )(Pfsw =e , 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 swP  water content of 
inflation swW , and a value of the inflation 
distortion ( swe 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 )(xq , 
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 : 

[ ])()()( xSxybKxR swS -=                       (5) 
where: 

)(xR : Reaction of the inflating soil pressure 
on the footing. 

SK  : Coefficient of rigidity of the swelling 
soil.  
b  : The foundation width. 

)(xy  : The foundation strain. 
The function )(xSSW  represents the variation 
in the vertical direction of the basis of the 
foundation to the upper surface of inflating 
soil, it is expressed as: 

)()( max xSSxS SWSWSW -=          (6) 

In this last expression max
SWS   is the final 

distortion after stabilization of the 
phenomenon of inflation that is concomitant 
with the minimal value of the contact 
pressure. )(xSSW  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]   

[ ]
îí

î
ì
ë

îý

î
ü
û

¿--ù
ú

ø
é
ê

è
-= )()()(1)( 0

0 xPWW
P

xPSxS SW
SW

SWSW         (7) 

:0
SWS  Absolute amplitude of free swelling of 

soil, equal to: SWSWSW HS .00 e=  With 

:0
SWe  Free relative swelling, 

SWH : Thickness of the swelling soil layer. 
SWP  : Pressure of swelling. 

0W : Initial water content. 
SWW  : 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 

)(PfWsw = ; (Figure. 5) 
¿  : Slope of the straight line representing the 
diagram of the contents in water according to 
the compression stresses. 

)(xP : 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.  

3
3
32
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21

0 )5.0(
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)5.0(
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)( Lx
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a

Lx
L
a

Lx
L
a

axP -+-+-+= (8) 

where: 
L : the length of the foundation     

0a , 1a , 2a , 3a  :   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: 

[ ] )()()()( xqxSxybKxyEI swS
IV =-+         (9) 

 
)()()()( xSbKxqxybKxyEI swSS

IV +=+       (10) 
Equation (10) can be used for bending of the 
footing on elastic soil, under the influence of 
an outside active load )(xq and 
complementary loads. 

)()( xSbKxq swSeq =  : 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:  

)(1)(4)( 4 xq
EI

xyaxy IV =+        (11) 

where: 
 

)(q+q(x)=(x)q                 ;
 4

4
1

x
IE
bK

a eq
S

öö
÷

õ
ææ
ç

å
=  

For computational convenience, let us 
consider the non-dimensional coordinates. 

ax=h . In these conditions the derived 
functions (x) with respect to x  and h  are 
given by. 
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Equation (11) with the non-dimensional 
coordinates takes the following form: 
 

)(4)(4)(
4

4

hh
h
h q

bK
y

d
yd

S
=+             (12) 

 
The boundary conditions of the problem are 
given by: 
 

00

0

)0(;)0(

)0(;0)0(

QyIEMyIE

yy

-=¡¡¡-=¡¡

=¡= q
   (13) 

 
Where: 0y , 0q , 0M , 0Q , are initial parameters 

of the problem: 

0y  : The strain of the footing. 

0q  :  the rotation angle . 

0M  : bending moment. 

0Q  : The shear in the beginning of the section 

of the footing (with h=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. 

 

0)(4)( 4
4

4

=+ h
h
h ya

d
yd    (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 

)(;)(;)(;)( 4321 hhhh yandyyy  is : 
 

)()()()()( 4321 hhhhh yDyCyByAy +++= (15) 
where: 
 hhh chy cos)(1 =  

)cos(sin
2
1)(2 hhhhh shchy +=  

hhh shy sin
2
1)(3 =  

)cos(sin
4
1)(4 hhhhh shchy -=  

The function of Krylov satisfies the 
conditions of Cauchy and constitutes what is 
called the matrix unit: 

 
1)0(1 =y  ; 0)0(2 =y  0)0(3 =y  0)0(4 =y  
0)0(1 =¡y  1)0(2 =¡y 0)0(3 =¡y  0)0(4 =¡y  
0)0(1 =¡¡y  0)0(2 =¡¡y 1)0(3 =¡¡y  0)0(4 =¡¡y  
0)0(1 =¡¡¡y  0)0(2 =¡¡¡y 0)0(3 =¡¡¡y  1)0(4 =¡¡¡y  

 
While using the matrix of reduction and 

boundary conditions (13), the constants of 
integration, A, B, C and D are then given by.  

0yA =      ;  0
1q
a

B =    ;   

02
1 M
EIa

C -=     ; 03
1 Q
EIa

D -=  . 

 
Considering the obtained expressions, the 

solution of the homogeneous equation (14) is 
written as: 
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M
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a
yyy --+=  (16) 

The fundamental functions  )(hiy  (i = 1; 2; 3 
and 4) possess remarkable properties; they 
express themselves by successive products 
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with precision until some constant 
coefficients repeat themselves, that is to say: 

);(4)( 41 hh yy -=¡  );(4)( 31 hh yy -=¡¡   
);(4)( 21 hh yy -=¡¡¡      ).(4)( 11 hh yy IV -=  

);()( 12 hh yy =¡  );(4)( 42 hh yy -=¡¡   
);(4)( 32 hh yy -=¡¡¡     ).(4)( 22 hh yy IV -=  

);()( 23 hh yy =¡  );()( 13 hh yy =¡¡        
);(4)( 43 hh yy -=¡¡¡      ).(4)( 33 hh yy IV -=  

);()( 34 hh yy =¡  );()( 24 hh yy =¡¡          
);()( 14 hh yy =¡¡¡          ).(4)( 44 hh yy IV -=  

 
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: 

 

ñ -=F
h

xxxhh
0

4 )()(4)( dqy
bKS                      

(17) 

The global solution of the problem of flexible 
foundations, free and supported by elastic 
compressible soil, ( 0M  = 0Q  = 0), has the 
following expression:

ñ -++=
h

xxxhhqhh
0

42010 )()(4)(1)()( dqy
bk

y
a

yyy
S

(18) 
The computation of the values 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): 

 
[ ])()()( hhh swS SybKP -=                            (19) 
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3
3 )()(

h
hh

d
ydEIaQ -=               (21) 

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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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 ¢ayeli copper-zinc mine tailings. Necessary 
strength for paste fill is explained. Applicability of UPF is commented according to measured 
mechanical parameters. It is seemed that uncemented tailings can have enough strength to be 
durable under own weight of 5ï7 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 canôt 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 
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 doesnôt 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 
plant tailings. Therefore, paste backfill will 
be standard application for many sub-level  

 

 
caving, cut-and-fill mines all over the world 
(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 mustnôt 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.  
 

¢imentosuz Macun Dolgu Uygulanabilirliĵi ¦zerine Bir 
Ķnceleme ve Macun Dolgu Yerinde Dayanēmēnēn Laboratuvar 
Testleri ile Yanlēĸ 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. Kºm¿rl¿, A. Kesimal, B. Er­ēkdē 
Karadeniz Technical University Mining Engineering Department, Trabzon, Turkey 
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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 (Kºm¿rl¿ 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.  
 

 
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).  
 
sv=g.z                                                         (1) 

 
g is unit volume weight of material (kN/m3), 
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 is 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 (Kºm¿rl¿, 2012). Horizontal 
stress level is function of vertical stress and 
k ratio, as it is shown in Equation 2 (Ger­ek, 
2007).  
 
sh=svk                                                        (2) 
 
Where, sh is horizontal stress (MPa), sv 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 (f). 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-sinf                                                     (3)  
 
Passive k (kp) is the k ratio of material that is 
failed because of horizontal stress. 
Horizontal stress is major stress (s1) 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 (ka) is the ratio of horizontal stress to 
vertical stress when material is exposed to 
active failure. Vertical stress is major stress 
(s1) in actively failed material. Therefore, 
active k is smaller than 1. Failing because of 
material self weight is an example for active 
failure. If materialôs 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) 
 
kp=(1+sin /(1-sin tan2(45+ /2)           (4) 
 
ka=(1-sin /(1+sin =tan2(45- /2)=1/kp   (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 (Karaoĵlu et al., 2011). 
Some horizontal stress calculation models 
are suggested to use for backfill material. 
One of them is Marstonôs cohesionless 
model for 2D solution which is given in 
Equation 6 (Belem and Benzaazoua, 2004).  
 

B
HkB a

h
'2exp1

'2
                               (6) 

 
Martonôs modified model by Aubertin for 
2D solution is given in Equation 7 (Belem 
and Benzaazoua, 2004).  
 

B
HkB a

h
'tan2exp1

'tan2
                  (7) 

 
Where B is width of stope (m), H is total 
height of filling material (m), ô is sliding 
friction coefficent between filling material 
and sidewalls of stopes. ô is tan is wall 
friction angle, it can be assumed between 1/3 
 and 2/3 . Terzaghiôs 2D model is a 

cohesive model that predicts horizontal 
stress as it is shown in Equation 8 (Kºm¿rl¿, 
2012).  
 

B
HkcB t

h
'tan2exp1

'tan2
)2(                (8)        

 
kt=1/(1+2tan2 )                                               (9)   
 
Another cohesive model is Rankineôs 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 Equation 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)   
 

avah kck 2                                               (10)                                                                                                       
 
As it is seemed in Terzaghiôs and Rankineôs 
theorems, horizontal stress is decreased by 
increasing cohesion. Cohesion of fresh 
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 
isnôt equal to vertical pressures in backfill. 
Another model is 3D Belem model. It is 
given in Equation 11 and Equation 12 
(Belem and Benzaazoua, 2004) 
 

B
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zHH eie

h
)(2exp1
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)(             (11) 
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h
)(2exp1)(185.0    (12) 

  
Where, L is strike length of stope (m), B is 
width of stope (m), ze is measurement point 
elevation from floor of stope (m) and ze is 
zero at the floor of stope, ze can be minimum 
0 and maximum H. H is total height of filled 
material (ze  zi  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 1, 
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: 
 

MHzk
Mk
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MkH
Mk

satmas

assat
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m
v

tan2exp1
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tan2exp

tan2exp1
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 )13(  

 
Where, sat is wall friction angle for 
saturated fill, Hm is moist fill height, m is 
unit volume weight of moist fill, sat is unit 
volume weight of saturated fill, Hsat 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. kam is active k ratio of moist backfill 
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and kas is active k ratio of saturated backfill. 
M is given in Equation 14. 
 
M=B-1+L-1                                                 (14)  
 

 
Figure 3. Moist and Saturated backfill layers 
for non-drained stopes (Kºm¿rl¿, 2012) 

 
Aubertin suggests multiplying active k (ka) 
ratio with vertical stress for calculating 
horizontal stress of fresh backfill. Fresh 
backfill is consolidated by its self weight. 
Consolidated materialôs void ratio decreases 
and internal friction angle increases. 
Increasing of internal friction angle causes to 
decrease ka ratio, and lower ka 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 occurring 
due to vertical stress decreases with 
consolidation. If there is drainage, 
consolidation is faster, also ka ratio 
decreases faster, horizontal stress decreases 
more until backfill solidifies. Weight of total 
material height decreases because of water 
loss, thus vertical 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 ka 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 
ka decreasing by time, material becomes 
solid with hydration reactions. Stable k must 
be considered for solid hydrated backfill 

instead of ka, if material has enough strength 
to be durable under its self weight. Direct 
horizontal stress doesnôt apply on sidewalls 
from solid hydrated backfill. 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 (Kºm¿rl¿, 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 ka ratio can be 
considered, and horizontal reinforcing stress 
doesnôt change with sidewall reactions (SR) 
when ka is valid. Reinforcing reaction (RR) 
is independent from sidewall stiffness and 
reactions. Ore or rockfill can be accepted as 
support. And, support stiffness doesnôt affect 
the reinforcement pressure of uncemented 
PF that is higher than critical height (Hc).  

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, ka 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 (Kºm¿rl¿, 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 
canôt 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 arenôt 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 AND 

DISCUSSIONS BY SEQUENCES 
Two types of ¢ayeli copper mine tailings 
and their deslimed forms are investigated in 
experimental study. Spec tailings, Bornite 
tailings and their deslimed (classified) forms 
were tested. Important percentage of finer 
particles than 20 m is deslimed for 
classified tailings preparation. For example, 
44% of as-received Bornite tailings and 41% 
of as-received Spec tailings are finer than 20 

m, respectively. After desliming, 6% of C-
Bornite and 12% of C-Spec tailings are finer 
than 20 m, respectively. 

Coefficient of curvature (Cc) and 
coefficient of uniformity (Cu) are important 
parameters to understand well-grading or 
poor-grading of granular materials. Well 
graded materials have higher strength 
(Kºm¿rl¿, 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) 
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D
DCu                                                            (15) 
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DCc                                                      (16) 

 
More than 70% of both Bornite and Spec 
tailings (unclassified) have silt particle size 
material (2 - 63 m). Approximately 10% of 
tailings have clay particle size (< 2 m). 
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).  
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Figure 5. Feret Triangle 

D10, D30 and D60 are 10%, 30% and 60% 
passing particle sizes, respectively. Cc 
between 1-3 and higher Cu than 6 indicate 
well-grading material. However, if material 
is gravel higher Cu than 4 indicates well-
grading (Aytekin, 2000).  
 
Table 1. Uniformity and Curvature Coefficients 

Type of 
Tailings 

D10 D30 D60 Cu Cc 

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 Tv unitless time factor, as it is 
shown in Equation 18 and Equation 19 
(Kºm¿rl¿ and Toptaĸ, 2012).  
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                   (19)  
  
DH is the settlement (mm) of material at the 
investigated time. DH at infinite time is 
DHÐ (settlement at infinite time). Tv depends 
on consolidation coefficient (Cv), as it is 
shown in Equation 20 (Sarsby, 2000)  
 

2H
tC

T v
v =                                                             (20) 
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watv
v m

KC                                                       (21) 

 
Where, t 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), wat 
is unit volume weight water (kN/m3), mv is 
the coefficient of volume compressibility 
(kPa-1). It is given in Equation 22 (Ghosh, 
2010).   
 

'
/VV

mv                                                    (22) 

 
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 mv becomes as follow:  
 

'
/HHmv                                           (23) 

 
' is effective stress; settlement of 

completed consolidation ( HÐ) can be 
calculated with Equation 24 (Kºm¿rl¿ and 
Toptaĸ, 2012):  
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e0 is initial void ratio, 1 is initial stress, and  
2  is final stress, Cr is compressibility index. 

Compressibility index can be divided into 
two groups. It can be primary 
compressibility index (Cc) or secondary 
compressibility index (Cr). Cc is signed as Cp 
in this paper, because coefficient of 
curvature is also signed as Cc. To prevent 
confusion, primary compressibility index is 
signed as Cp. Cp can be used instead of Cr 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. Tv increases with 
increasing Cv. And, consolidation ratio (u) 
increases with increasing Tv. 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). 10-3 
m/sec can be accepted as limit for changing 
permeability test method. If permeability of 
soil is higher than 10-3 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) 
 

1
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where, A is cross-section area of specimen 
(m), L is length of specimen (m), a is cross-
section area of burette (m). T is time 
difference between two measurement points. 
H0 is initial height of water in burette (m), 
and H1 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 
Tailings 

H0 
(m) 

H1 
(m) 

DT 
(sec)

 K 
(m/sn) 

Bornite 1.22 0.92 960 5.9x10-7 
Spec 1.20 0.84 960 7.5x10-7 
C-Bornirte 1.28 0.61 150 9.2x10-6 
C-Spec 1.29 0.78 150 6.8x10-6 

 
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, Tv of C-Bornite (classified) is 
nearly 1.5 times of Tv 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). 
 

 
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 (t) of 15 meters height 
PF in stope is 22500 times of 10 cm height 
laboratory specimen PF. Consolidation ratio 
is same for same Tv. 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): 
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T ==                                                 (26) 

 
Hs and Hl are height of PF in stope and 
laboratory specimen PF height, respectively. 
ts and tl are in situ consolidation time and 
consolidation time for lab specimen.  

When u is 0.9, 90% of consolidation is 
completed and Tv is equal to 0.848 for this 
situation. Consolidation coefficient must be 
known to calculate consolidation time. For 
calculating Cv, coefficient of volume 
compressibility (mv) 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 
(Kºm¿rl¿ and Toptaĸ, 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 cm thickness in this method. 
However, wet tailings are not sampled with 
circular cutter. Specimens were poured in 
mold. Tv 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. Tv is infinite for 1.0 u value. 
Therefore, a time is considered for final 

settlement. 90% settlement time is 
considered to calculate DHÐ 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.  
 

10-3 10-2 10-1 1 10
Dimensionless Time Tv

0.00

0.25

0.50

0.75

1.00

U

Relation of degree of
settlement and time

 
Figure 7. Tv and u relation (Cengiz, 2009) 
 
 

 
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 is faster for 
deslimed tailings. Because, consolidation 
coefficient and Tv are higher for deslimed 
tailings. Same tailings in photos have same 
consolidation time. 
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Table 4. Shear strength test (CD) data 

ssss (kPa)    t (t (t (t (kPa) 
32.6 54.4 
97.8 105.1 
163.1 126.3 
228.3 149.5 

 

 
Figure 14. Failure envelope of uncemented PF 
 
Cohesion (c) is considered as 53 kPa and 
internal friction angle (f) is measured as 24o. 
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 
(Kºm¿rl¿ and Toptaĸ, 2012) 
 

g
p

c

kc
H

2
=                                             (28)                    

 
Critical height (Hc) 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 canôt be excavated, 
if material has bigger height than critical 
height. In addition to stability under load of 
weight, UPF canôt 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 

general backfill applications. However, it 
can be applied for some special situations. If 
near or down of stope wonôt 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 doesnôt 
decrease with sidewall deformation as it is 
shown in Figure 15. 
 

 
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. 
Letôs 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 Hc directly acts on 
sidewalls. Actively applied horizontal stress 
can be theoretically considered as ka 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 
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 

data are obligatory for designers whilst the 
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 city 
(Figure 1). Designed dam will be an earth 

dam with clay core and the height of 46 m 
from foundation. 

 

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 hydrogeologic media of rock and 
alluvium, which 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. 

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 
in 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 
CH9. This area of the right abutment 
involves particularly faulted and karstic 
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 

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 
in 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. 

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 1a, 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. 
Two identified minor fault have yielded 
wide crashed zones that may possibly cause 
to water escape from reservoir toward 
downstream. Accurate location of these 
hazardous zones should be determined 
where grout curtain plane intersects with 
them. Grouting in these zones would be 
executed more firmly. 

4 PERMEABILITY AND 
STRATIGRAPHY OF DAM 
FOUNDATION 
A simple classification of geological and 
permeability data obtained by boring, are 
done to enhance the assessment truthfulness. 

The soil classification was originally 
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 
surveys. Strata were interpolated and 
extrapolated between boreholes by Spline 
method.  
       Permeability data were achieved by 
Lugeon (water pressure) test and soil 
percolation test respectively in rock and soil 
stages. However all permeability data were 
expressed in cm/sec to be shown in a section 
coincided by aforementioned geological 
section (Figure 6). Permeability values were 
attributed to middle point of tested sections. 
Ordinary Kriging method (Journel 1990 and 
Deustch 1992) were applied to find spatial 
variation of permeability.  
       Regarding the information revealed in 
Fig. 6 and pervious results, some important 
features are described as follows; 

 
Figure 5. Foundation bedrock elevation 
contour map (coordination in UTM system 
and elevation in msal). 
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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 F200 
(percentage of passing 200# Sieve). 
Utilized 
Classification 

Comparable Standard 
Classification Specification 

G1 GP, GW F200 < 5 

G2 
GW-GM, GW-GC, GP-
GM, GP-GC 

5 < F200 < 
12 

G3 GM, GC, GM-GC F200 < 12 
S1 SW, SP F200 < 5 

S2 SM, SC, SM-SC 
5 < F200 < 
12 

S3 
SW-SM, SW-SC, SP-
SM, SP-SC 

F200 < 12 

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 seepage 
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 

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.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Figure 2. Interface of experiment preparation and conduction module 
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Figure 3. Interface of after-session data processing module 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4. Parallelepiped specimens of the apatite-nepheline ore before and after destruction 

 
 
 
 
 
 
 
 

 
 
 
 

 

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: 
Ű = ʩ+ů*tgű, 
where Ű–horizontal stress (MPa), c–cohesion 
(MPa), ů–vertical stress (MPa), tgű–
coefficient of internal friction (Turchaninov 
et al., 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. 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

Figure 6. Strength certificate of the lenticular-striped apatite-nepheline ore

The Table 1 shows the results of 
specimens testing under the different vertical 
loads and data obtained on the basis of shear 
strength certificates. Their analysis was 
given above. It was established that 
specimens of inequigranular massive 

feldspar urtite had the greatest value of 
cohesion. Therefore this rock was the 
strongest one. The specimens of lenticular-
striped apatite-nehpeline ore had the greatest 
value of the internal friction coefficient. And 
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.  
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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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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 

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 ʉhock 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 

 

Figure 1. Geodynamic testing site 
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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: 

)68.38.0( DmCB Ö+°= mm, 
Where D – distance measured, km.  

Displacements error by optical distance 
measurements can be expressed as: 

)68.038.0(22 Dmm CBLCB
Ö+Ö°=Ö=D (1)  

GPS-measurements error (at the average, 
by technical data of the equipment applied) 
is defined as:  

ppmmGPS 13()13( +°=+°= for1km). Then 
the displacements error by GPS-
measurements is determined: 

mm GPSGPS 13(22 +Ö°=Ö=D for1km) (2)  
Total error of displacements comparison is 
expressed as:   

22 22 GPSCB mmM +=  (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 
(km) 

mȹLCB, 
(mm) 

mȹGPS, 
(mm) 

22 22 GPSL mmM +=  
(mm) 

ȹME - ȹGPS, 
(mm) 

1 2 3 4 5 6 

Tsentralny mine, “Apatit” JSC  

ʈ1–ʈ2 0.8 Ñ1.3 ±5.3 ±5.5 -1.5; -3.5; -0.7; -0.2; -
0.9 

ʈ1–ʈ3 1.8 ±2.3 ±6.8 Ñ7.2 1.9; 2.9; 4.7; -1.9; -6.4 

ʈ1–ʈ4 1.9 ±2.3 ±6.9 Ñ7.3 12.6;-21.3; 9.4; -5.2;-
6.9 

ʈ3–ʈ2 1.7 ±2.2 ±6.6 ±7.0 1.0; 1.1; 0.6; -2.4; -2.7 

ʈ4–ʈ2 1.9 ±2.4 ±7.0 ±7.4 4.2; -14.7; 3.1; -0.9; -
3.9 

ʈ4–ʈ3 0.4 Ñ1.0 ±4.9 ±5.0 -6.2; -3.4; 0.3; -0.3; -
1.5 

“Smotrovaya”īʈ3 2.1 ±2.6 ±7.2 ±7.7 7.1; -9.5; 4.1; -9.2; 0.6 

“Smotrovaya”īʈ4 1.8 ±2.2 ±6.7 Ñ7.1 26.8; -27.5; 5.2; -9.7; 
0.1 

ʈ1–ʈ5 2.8 ±3.2 ±8.2 ±8.8 4.1 
“Smotrovaya”īʈ5 2.2 ±2.7 ±7.4 ±7.8 -2.4 

ʈ2ʘ–ʈ1 0.9 ±1.4 ±5.5 ±5.6 0.1 
ʈ2ʘ–ʈ3 1.7 ±2.2 ±6.7 ±7.0 1.4 
ʈ2ʘ–ʈ4 2.0 ±2.5 ±6.9 ±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 value of distance 
determination error by optical distance 
measuring method is Ñ2.0 mm, and 
coordinates determination error by GPS-
method is Ñ6.3 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 
 

 
 testing site vary under impact of the 
following causes: 
¶ Global displacements of Euro-Asian 
lithospheric plate ȹʭglobal; 
¶ Mining-induced displacements, 
ȹʭtechn.; 
¶ Errors of GPS-measurements, ȹʭerror 
 
In this case total displacements of basic 
stations can be determined by equation: 
 ȹʍ = ȹʭglobal + ȹʭtechn. + ȹʭerror  (4) 
Coordinates of a basic station (Mining 
Institute) vary under impact of: 
¶ Global displacements of Euro-Asian 
lithospheric plate ȹʭMIglobal; 
¶ Errors of GPS-measurements, ȹʭerror 
ȹʍMI = ȹʭMIglobal + ȹʭMIerror  (5) 
It is suggested that:  
ȹʭglobal= ȹʭMIglobal; 
ȹʭerror = ȹʭMIerror 

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:  

ȹʭtechn. = ȹʍ – ȹʭglobal – ȹʭerror = ȹʍ – 
ȹʭMIglobal – ȹʭMIerror = ȹʍ – ȹʍMI.  (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  

Year  

ȹX, mm ȹY, mm ȹZ, mm 
“Smot
rovaya
” site  

ʈ1 ʈ2 ʈ3 ʈ4 
“Smot
rovaya
” site  

ʈ1 ʈ2 ʈ3 ʈ4 
“Smot
rovaya
” site 

ʈ1 ʈ2 ʈ3 ʈ4 

2007 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 
2008 0,0 0,4 -0,2 9,1 9,1 -0,4 -0,4 -0,5 9,5 18,6 -0,8 -2,8 -0,7 8,3 -37,3 
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 -44,9 -56,9 -9,3 
2011 23,5 27,8 20,9 31,6 26,5 23,0 19,8 16,3 21,5 14,2 57,3 61,8 58,4 53,3 36,8 
2012 6,9 10,1 4,7 38,0 27,9 -14,8 -18,9 -22,4 -0,2 -10,6 -2,2 -15,4 -36,9 35,3 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. 

 
 
 

 

 

 

 

 

 

 

 
 
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 ( 1, 2, 3), rotations and complementary specific 
deformation energy (w) in elementary volumes of structural blocks. 

Block Year 

Secondary principal stresses, 
MPa  

 
Rotation  

Specific 
energy 

change, w, 
MJ/m3 

Notes  

1 2 3 1 2 3 

-
-

 

2007-2008 0,6078 -0,0908 -0,3283 -5 - -5 -5 -05 
 

2008-2009 0,1674 0,0014 -0,4111 - -5 -5 - -5 -05 
 

2009-2010 0,7554 0,1328 -0,3892 -5 -5 - -5 -5 
 

2010-2011 0,0914 -0,1061 -0,2878 - -5 - -5 -5 -5 
 

-
-

 

2007-2008 0,5538 -0,0314 -0,2638 -5 -5 -5 -5 
 

2008-2009 - -5 -0,0824 -0,3617 - -5 - -5 - -5 -5 

 

2009-2010 0,4237 -0,1211 -0,5795 -5 - -5 - -5 -5 
 

2010-2011 0,1683 -0,0017 -0,1677 - -5 -5 -5 -5 
 

-
- S

m
ot

ro
va

ya
 

2007-2008 0,7553 0,1493 -0,5949 -5 -5 -5 -05 
 

2008-2009 0,3000 0,1062 -0,2970 - -5 - -5 - -5 -05 
 

2009-2010 0,0161 -0,6860 -1,6177 3, -5 - -5 - -5 -5 
 

2010-2011 0,4284 0,1866 -0,1336 - -5 -5 -5 -5 
 

-
- S

m
ot

ro
va

ya
 

2007-2008 0,3474 -0,044 -0,0144 -6 - -5 - -5 -5 
 

2008-2009 0,1115 -0,3017 -0,7177 -5 - -5 -5 3, -5 
 

2009-2010 -0,0241 -0,0358 -0,1381 -6 -5 -6 -5 

 

2010-2011 0,2152 0,0992 0,0497 -5 -5 - -5 -5 
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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 (ů1=+0.75 
MPa) were registered in «ʈ2 – ʈ3 – ʈ4» 
block during 2009-2010, and maximum 
compression stresses ů3=-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 (ɽ=140.26 J/m3) 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

3determined 
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. 
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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. 

Figure 1: Map view of the part project area. 

2 GEOLOGICAL AND 
GEOTECHNICAL CONDITIONS  
Algiers region is 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 

¶ Embankment: Rx  
¶ Quaternary clay: Q.A 
¶ Tertiary clay: T.A 
¶ Tertiary sandy: T.S  

We note that the level of aquifer is below 
our buried structures 
 

Figure 2: Calculating sections into the well. 
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Table 1: Commun physical and geotechnical 
properties of the soils  
 

 Rx Q.A T.A T.S 
ɔ 

(KN/Í ) 19 20 22 21 

E  
(MN/Í ) 7 31 43 77 

#  
(kN/Í ) 0 48 53 55 

#  
(kN/Í ) 5 72 89 76 

 ʒ  
(º) 19 22 25 27 

 ʒ  
 19 16 17 21 

K 
 (m/s) - ρπ  σȢ ρπ  ρπ  

Ko 0,6 0,6 0,6 0,6 

3 PROJECT DETAILS 

At the completion of PV1, the digging was 
done with steps of progress whose value 
depended on the nature of the different strata 
of the ground to a depth of 24 m. Steps 
ranged from 0.5 meters to dig the most 
unstable layers, up to a pitch of 1.5m  layers 
for more stable. 

The support used 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) 

(g) 
KN/m3 

sc 
MN/m2 

st 
MN/m2. 

Eb 
MN/m2 

25 25 2,6 15.000 
 
 

 
Table 3 :  Propriety of projected concrete 
C25/30 (EC 2) according to the depth 

Depht Number of 
plies 

Thicknesses 
corresponding 

[cm] 
3 1 12 
6 2 24 
9 3 36 

12 3 36 
15 3 36 
18 3 36 
21 3 36 
24 3 36 

 

 

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. 
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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. 
Step5. 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 

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 

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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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.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 

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. 

 
 
 
 
 
 
 
 
 
 
 
 

 
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 IV) (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). 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

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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Figure 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/cm3 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 

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. 

 
 
 
 
 
 
 
 
 
 
 
 

 

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. 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
Figure 8- Two series of complete stress-
strain curve for 150*300 (mm*mm) 
cylindrical specimen of artificial bimrocks 
with three high different RBP. 

 
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 II 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 II 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 b 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. 

 

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 

varies the state of crack deformation, giving 
different combinations of modes I and II. 
Similarly for the SCB specimen, by 
changing the inclination angle b 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, b = 0o 
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), 2t 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  

 
 

 
 
0.43 in the SCB specimens. Mixity 
parameter, Me, is defined as (Aliha et al. 
2008):  
 

Figure 1. Geometry and loading conditions of CCCD and SCB specimens subjected to 
mixed mode I/II loading 
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 R 
(mm) 

2t 
(mm) a (mm)  (o) 

  = B  Me = 
1 

Me = 
0.75 

Me = 
0.5 

Me = 
0.25 Me = 0 

CCCD 

75 15 22.5 0 5 10.5 18 27 
75 30 22.5 0 5 10.5 18 27 
75 45 22.5 0 5 10.5 18 27 
75 60 22.5 0 5 10.5 18 27 

         

SCB 

75 15 22.5 0 18.5 33 42.5 50 
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 

 

          
II

Ie

K
K

M arctan2                   (1) 
  
 

Where KI and  KII are mode I and mode II 
stress intensity factors, respectively. In the 
present analysis, the values of Me varied 
through 1 (pure mode I), 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 YI and 
YII, respectively, and it can be deduced from 
Ref. (Hutar et al. 2010), (Lim, et al. 1993) 
the general formula for normalized stress 
intensity factor Yi, which is defined as:  

 
 

aP
RtK

Y i
i

4
            i = I, II                for SCB 

specimen                                                       (2) 
 

aP
RtK

Y i
i

2
      i = I, II                 for CCCD 

specimen                                                    (3) 
 
Where:   
               KI = mode I stress intensity factor 
              KII = mode II stress intensity factor 
                 t = B/2 half specimen thickness 
               P = applied load 
               R = radius of specimen 
              a = crack length 
The normalized mode I and mode II stress 

intensity factors at the midpoint of the specimen (at z 
= 0) are YImp and YIImp, respectively, and at surface 
point of specimen (at z = t) are YIsurf and YIIsurf. 
 
 

Table 1 Specimen geometries and crack inclination angles in the tested CCCD and SCB 
specimen 
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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 
= t) of CCCD and SCB specimens are 
tabulated in tables 2 and 3 respectively. The 
value of YImp of CCCD specimen decreases 
by increasing B/R, while, YIsurf increases. The 
value of YIsurf of SCB decreases by 
increasing B/R. YIsurf and YImp of CCCD and 

SCB specimens decrease by decreasing the 
value of mixity parameter.  

Figure 4 shows the variation of YI 
normalized by YImp, YI/YImp, through the 
crack front of CCCD and SCB specimens for 
different Me and different B/R. For thin 
specimen, i.e. B/R = 0.2, value of YI/YImp 
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 
YI/YImp is not the same for both specimens. In 
the case of CCCD specimen, the value of 
YI/YImp increases gradually to its peak value 
YImax, 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 
YI/YImp is near the specimen surface. The 
peak value of YI/YImp of CCCD specimen 
increases by increasing B/R. This finding is 
in agreement with Zhixue (Zhixue, 2006).  

 
 

Figure 2. Comparison between the present normalized YI 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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Specimen B/R  Me = 1 Me = 0.75 Me = 0.5 Me = 0.25 Me = 0 

CCCD 

0.2 YImp 1.17474 1.12806 0.97819 0.62394 0 
YIsur 1.10662 1.05881 0.92223 0.58257 0 

0.4 YImp 1.15584 1.10799 0.96398 0.60951 0 
YIsur 1.12696 1.07748 0.93850 0.58931 0 

0.6 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 

        

SCB 

0.2 YImp 2.09601 1.65985 0.85306 0.32454 0 
YIsur 1.83337 1.42287 0.67280 0.17889 0 

0.4 YImp 2.10187 1.67603 0.87104 0.35329 0 
YIsur 1.77569 1.36208 0.60562 0.12369 0 

0.6 YImp 2.10794 1.65012 0.86398 0.33354 0 
YIsur 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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Figure 3. Comparison between the present normalized YII at the free surface of the 
specimen and those found in the literature using 2-D analysis (Aliha et al. 2010) 

Table 2 The values of normalized mode I stress intensity factor YI at mid point (z/t 
= 0) and at surface (z/t = 1) for the CCCD and SCB specimens for different values 
of Me and different specimen thickness ratios. 
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Table 3. The values of normalized mode II stress intensity factor YII at mid point (z/t = 
0) and at surface (z/t = 1) for the CCCD and SCB specimens for different values of Me 

and different specimen thickness ratios.  
 

Specimen B/R  Me = 1 Me = 0.75 Me = 0.5 Me = 0.25 Me = 0 

CCCD 

0.2 YIImp 0 0.4295 0.8890 1.4035 1.8699 
YIIsur 0 0.4470 0.9262 1.4643 1.9630 

0.4 YIImp 0 0.4304 0.8826 1.4140 1.8711 
YIIsur 0 0.4463 0.9143 1.4656 1.9421 

0.6 YIImp 0 0.4268 0.8765 1.4049 1.8713 
YIIsur 0 0.4529 0.9294 1.4916 1.9859 

0.8 YIImp 0 0.4250 0.8719 1.3979 1.8505 
YIIsur 0 0.4511 0.9242 1.4807  1.9594 

        

SCB 

0.2 YIImp 0 0.6592 0.8604 0.7937 0.6118 
YIIsur 0 0.6865 0.9090 0.8299 0.6318 

0.4 YIImp 0 0.6676 0.8601 0.7753 0.6131 
YIIsur 0 0.7012 0.9055 0.8150 0.6446 

0.6 YIImp 0 0.6728 0.8611 0.7889 0.6164 
YIIsur 0 0.7139 0.9191 0.8470 0.6686 

0.8 YIImp 0 0.6527 0.8578 0.7796 0.6142 
YIIsur 0 0.7051 0.9282 0.8502 0.6753 
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(a) SCB specimen                                            (b) CCCD specimen                        
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 Me . 
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(a) SCB specimen                                 (b) CCCD specimen                        
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 Me  
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However, in the case of SCB specimen the 
shape of YI/YImp–z/t curve is not affected by 
B/R or mode of mixity, i.e. the peak value of 
YI/YImp is at the mid plane. This peak value of 
YI/YImp decreased by increasing B/R, i.e. 
opposite trend  of CCCD specimen with B/R 
> 0.2. Therefore it can be concluded that, the 
shape of YI/YImp–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 
YI/YImp–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. 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 YII/YIImp along the crack front of 
CCCD and SCB specimens for different Me 

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 YII/YIImp through 
the specimen thickness is small and not 
exceed 10%.  The maximum value of YII 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 (YI/YImp) is not only function of 
a/R, 

 (
 but also function of z/t. 

2- The shape of YI/YImp–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 YI/YImp–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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 Delinebilirlik, bir delici matkabēn kaya­ i­inde ilerleme yapabilme oranē olarak 
tanēmlanmaktadēr.  Aĸēnma ise kazē sērasēnda keskilerin kaya­lar tarafēndan koparēlmasēdēr. 
Farklē formasyonlarēn sahip olduĵu, farklē aĸēndērēcēlēk ve sertlik ºzellikleri mekanize kazē 
sistemlerinde kazēlabilirlik ve delinebilirliĵi ºnemli oranda etkilemektedir. ¢¿nk¿ aĸēndērēcē 
ve sert kaya­lar, kēsa zamanda keskilerin kºrelmesi nedeniyle ilerleme oranēn d¿ĸmesine ve 
kazē maliyetinin artmasēna yol a­maktadēr. 

Bu ­alēĸma Hopa-Bor­ka (Artvin)  Cankurtaran Karayolu T¿nelinde ger­ekleĸtirilmiĸtir. 
Laboratuvar ­alēĸmalarē i­in Cankurtaran t¿nelinde farklē kaya­ formasyonlarēndan ºrnekler 
alēnmēĸtēr. Uygun boyutlarda ve miktarda deney ºrnekleri hazērlanmēĸtēr. Kaya­larēn 
delinebilirlik ºzelliĵini belirlemek i­in kērēlganlēk ve Sievers minyat¿r delme deneyleri 
ger­ekleĸtirilmiĸtir. Kaya­larēn aĸēndērēcēlēk ºzelliĵini belirlemek i­in Cerchar Aĸēnma Ķndeksi 
(CAI), Norve­ Aĸēnma deneyi (AV), Bºhme aĸēnma Deneyleri ger­ekleĸtirilmiĸtir. Ayrēca 
kaya­larēn mekanik ºzelliĵi belirlemek i­in tek eksenli basēn­ dayanēmē, nokta y¿k dayanēmē 
ve Brazilian dolaylē ­ekme dayanēmē deneyleri ger­ekleĸtirilmiĸtir. 

 Drillability 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.  
 
 
 

Ge­miĸten g¿n¿m¿ze yeraltēnda ve 
yer¿st¿nde yapēlan kazēlarda, gerek 
madencilik alanēnda gerekse inĸaat alanēnda 

deĵiĸik metotlar uygulanmēĸtēr. ¦lkemizde 
ºzellikle son yēllarda teknolojinin geliĸimiyle 
birlikte mekanize kazē yºntemleri t¿nel 
metro, ve madencilik sektºr¿nde yaygēn 

Kaya­larēn Delinebilirlik ve Aĸēndērēcēlēk ¥zelliklerinin 
Karĸēlaĸtērēlmasē 
Comparison of Drillability and Abrasivity Properties of Rocks  

M. ¢apik, A. O. Yēlmaz, S. Yaĸar 
Karadeniz Teknik ¦niversitesi, M¿hendislik Fak¿ltesi, Maden M¿hendisliĵi Bºl¿m¿, Trabzon 

O. Yaralē 
B¿lent Ecevit ¦niversitesi, M¿hendislik Fak¿ltesi, Maden M¿hendisliĵi Bºl¿m¿, Zonguldak 

Ķ. ¢avuĸoĵlu 
G¿m¿ĸhane ¦niversitesi, Maden M¿hendisliĵi Bºl¿m¿, G¿m¿ĸhane 
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olarak kullanēlmaya baĸlanmēĸtēr.  Bunlarēn 
yanēnda su t¿nelleri, demiryolu t¿nelleri, 
karayolu t¿nelleri, sēĵēnak ve depolama 
projelerinde de mekanize kazē yºntemleri 
yaygēn olarak kullanēlmaya baĸlanmēĸtēr.  

Doĵu Karadeniz Bºlgesinde HES 
(Hidroelektrik Santrali) projeleri kapsamēnda 
yapēlan su t¿nelleri, arazi ĸartlarē nedeniyle 
sahil yolu yapēmēnda a­ēlan t¿neller ve i­ 
kesimlerdeki aĵēr hava ĸartlarēna baĵlē olarak 
imal edilen t¿nellerin sayēsē her ge­en g¿n 
artmaktadēr. Doĵu Karadeniz Bºlgesindeki 
bu t¿nellerin kazē ­alēĸmalarēnda genellikle 
delme patlatma yºntemi kullanēlmaktadēr. 
Delme patlatma yºnteminde jumbo delici 
makinalarē kullanēlmaktadēr.  

Bu yºntemde ºnemli olan kriterlerin 
baĸēnda, deliklerin hēzlē ve ekonomik olarak 
delinmesi gelmektedir ki bu da iĸletme 
maliyeti a­ēsēndan b¿y¿k ºnem taĸēmaktadēr. 
Ķĸletmenin bu kriterleri saĵlamasē i­in 
delinecek kayacēn fiziksel-mekanik 
ºzellikleri, mineralojik ve petrografik 
yapēsēnēn yanēnda, kayacēn delinebilirliĵi ve 

kazēlabilirlik ºzelliklerinin de bilmesi 
gerekmektedir. 

2 KAYA¢LARIN DELĶNEBĶLĶRLĶK 
VE AķINDIRICILIK ¥ZELLĶĴĶ 
Kayacēn delinebilirliĵi; bir delici matkabēn 
kaya­ i­inde ilerleme yapabilme oranē olarak 
tanēmlanmaktadēr (Tamrock, 1987).  Bir 
baĸka ifadeyle delinebilirlik; makinanēn belli 
g¿­ harcayarak dºnerli veya darbeli olarak 
delici u­larēn kaya­ i­inde makinanēn tipine, 
hēzēna, kuvvetine ve kayacēn sertliĵine baĵlē 
olarak belirli bir s¿re i­inde kayacē delerek 
ilerlemesidir. 

Aĸēnma, kazē esnasēnda keskilerin 
kaya­lar tarafēndan koparēlmasēdēr. Y¿ksek 
aĸēndērēcē ºzelliĵine sahip kaya­lar, kēsa 
zamanda keskilerin kºrelmesine neden 
olabilmektedir. Bu durum, bir yandan keski 
t¿ketimini artērmakta, diĵer yandan kazē 
verimini d¿ĸ¿rmekte ve dolayēsē ile kazē 
maliyetinin artmasēna yol a­maktadēr. 

ķekil 1. Delinebilirlik ve aĸēndērēcēĵē etkileyen faktºrler (Kahraman, 1999; Thuro vd, 2002) 
 

Delinebilirlik tahmininde doĵru ekipmanēn 
se­ilmesi b¿y¿k ºnem kazanmaktadēr. 
Delmede kullanēlacak makinenin tipi, basma 
g¿c¿, matkabēn darbesi ve dºnme hēzē,  keski 
ve bitlerin tipi ve makinenin d¿zenli bakēmē 
delinebilirlik i­in ­ok ºnemlidir. 
Delinebilirliĵi ve aĸēnmayē etkileyen pek ­ok 
faktºr vardēr, ancak bunlarēn ­oĵu ampirik 
yaklaĸēmlara dayanmasēna raĵmen temel de 
¿­ faktºr vardēr. Bunlar; makine tipi ve 
ekipman delme iĸlemi ve jeolojik yapēya 
baĵlē faktºrlerdir. Bu faktºrler kontrol 

edilebilen ve edilemeyenler olarak 
sēnēflandērēlabilir. Makine tipi, ekipman ve 
delme iĸlemi kontrol edilebilir 
parametrelerdir. Ancak jeolojik ºzelliklere 
baĵlē parametreler arazi yapēsēyla ilgili 
olduĵundan kontrol edilemeyen 
parametrelerdir (ķek. 1).  (Tamrock, 1987), 
(Thuro and Spaun, 1996), (Thuro, 1997a), 
(Thuro, 1997b), (Kahraman, 1999), 
(Plinninger, vd., 2002). Bu faktºrler dēĸēnda 
delinebilirliĵi ve aĸēndērēcēlēĵē etkileyen 
baĸka faktºrlerde vardēr.  Baĸlēca faktºrler 



661

23rd International Mining Congress & Exhibition of Turkey Å 16-19 April 2013 ANTALYA

olarak Mohs sertliĵi, kaya dokusu ve yapēsē, 
porozite, yoĵunluk, sertlik, P-dalga hēzē, 
elastisite ve plastisite, tek eksenli basēn­ 
dayanēmē, nokta y¿k indeksi ve Schmidt 
deĵeri, ­ekme dayanēmē, Cerhar aĸēnma 
indeksi, delinebilirlik indeksi, Norve­ aĸēnma 
indeksi, Schimazek aĸēnma indeksi ve koni 
delici deĵeri sayēlabilir  (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 ¢ALIķMALAR 
3.1 ¢alēĸma Alanē 
¢alēĸma alanē, Doĵu Karadeniz Bºlgesi ile 
Doĵu Anadolu Bºlgesini birbirine 
baĵlayacak olan Hopa-Bor­ka Cankurtaran 
T¿nelidir. Hopa-Bor­ka karayolu t¿neli 
7+980-13+208 kmôleri arasēnda ­ift t¿p 
olarak inĸa edilmektedir Yapēmē 
tamamlamasēyla birlikte 5 bin 288 metre 
uzunluĵu ile T¿rkiyeônin en uzun t¿neli olma 
ºzelliĵini taĸēyacaktēr (ķekil 2). Cankurtaran 
t¿nel hattē boyunca 4 adet litolojik birim 
ge­ilmektedir. Bunlar Subaĸē Sērtē 
Formasyonu, Cankurtaran Formasyonu, 
ķenkaya Sērtē Formasyonu ve Kabakºy 
Formasyondur. 

 

 
ķekil 2. ¢alēĸma alanēna ait yer bulduru 
haritasē (Kaya, 2012) 

 
Subaĸē Sērtē Formasyonuna ait volkano-

tortul kaya­lar bu litolojik birimden oluĸur. 
Cankurtaran formasyonuna ait marn ara 
katkēlē kire­taĸlarē bu litolojik birimimde 
oluĸur.  ķenkaya Sērtē Formasyonunda yer 
yer kil taĸē ara katkēlē marnlardan 
oluĸmaktadēr. Son olarak t¿nelin ­ēkēĸ 
bºl¿m¿nde yer alan Kabakºy Formasyonu 
bazaltlardan oluĸan bir litolojik birimden 
oluĸmaktadēr (ķekil 3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          
 
 
      ķekil 3. Cankurtaran t¿nelinin jeolojik haritasē (Kaya, 2012) 
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3.2 Materyal ve Metot 
Laboratuarda yapēlacak deneyler i­in 
ºrnekler, iki t¿pten oluĸan Hopa-Bor­ka 
Cankurtaran t¿nelinin hem giriĸ hem de ­ēkēĸ 
t¿plerinden belli aralēklarla ve deĵiĸen kaya­ 
formasyonlarēnda saĵlam, ­atlaksēz 
s¿reksizlik i­ermemesine dikkat edilen kaya 
bloklarēndan alēnmēĸtēr. Alēnan bu bloklardan 
deney standartlarēna gºre uygun boyutta ve 
miktarda karot numunesi hazērlanmēĸtēr. 
Hazērlanan karotlar ¿zerinde delinebilirlik 
deneyleri, aĸēnma deneyleri, dayanēm ve 
­ekme deneyleri ger­ekleĸtirilmiĸtir.  

Delinebilirlik ve aĸēnma deneylerinin bir 
kēsmē B¿lent Ecevit ¦niversitesi 
(Zonguldak) Maden M¿hendisliĵi Bºl¿m¿ 
Maden Mekanizasyonu Laboratuvarēônda 
ger­ekleĸtirilmiĸtir. Dayanēm deneyleri ve 
Bºhme aĸēnma deneyi Karadeniz Teknik 
¦niversitesi Maden M¿hendisliĵi Bºl¿m¿ 
Laboratuvarēônda ger­ekleĸtirilmiĸtir.  

Delinebilirlik deneyi i­in (DRI) iki temel 
deney ger­ekleĸtirilmiĸtir. Kērēlganlēk deneyi 
(brittleness test), S20 ve Sievers minyat¿r 
delme deneyi (Sievers miniature drill-test 
value), SJ dir.  

Kērēlganlēk deneyi (brittleness test), S20; 
Darbe sonucu kayacēn kērēlmaya karĸē 
gºsterdiĵi direncin dolaylē ºl­¿lmesini 
belirleyen bir deney yºntemidir (Yaralē ve 
Kahraman, 2011). Deney d¿zeneĵi ķekil 
4óde gºsterilmiĸtir. 

Sievers Minyat¿r delme testi; kayacēn 
y¿zey sertliĵinin veya delmeye karĸē 
direncinin ºl­¿lmesinde kullanēlmaktadēr. 
Sievers minyat¿r deney d¿zeneĵi ķekil 5ôde 
gºsterilmiĸtir Deney 30 mm boyunda ve 54 
mm ­apēnda kaya­ numuneleri ¿zerinde 
ger­ekleĸtirilmiĸtir. 

 

 

 

ķekil 4. Kērēlganlēk deney d¿zeneĵi (Dahl vd, 
2012) 

 

 

ķekil 5. Sievers minyat¿r delme deney 
d¿zeneĵi (Dahl vd., 2012) 

Kaya­larēn aĸēndērēcēlēk ºzelliklerinin 
belirlenmesi i­in ger­ekleĸtirilecek deneyler; 
Cerchar Aĸēnma indeksi (CAI), Norve­ 
aĸēnma deneyi  (AV) ve Bºhme aĸēnma 
deneyi 

Cerchar Aĸēnma indeksi (CAI), deney 
yºntemi keski aĸēnēmē, keski deĵiĸim 
maliyeti ve kaya­ dayanēmē gibi ºnemli 
parametreleri doĵru tahmin edilmesinden ve 
kaya­ aĸēnēmēnē belirlenmesinde yaygēn 
kullanēlan bir deney yºntemidir. Deneyde 
Rockwell sertliĵi 54/56 olan u­lar 
kullanēlmēĸ ve deneyler West (1986)ôya gºre 
yapēlmēĸtēr. Deney 30 mm boyunda, 54 mm 
­apēnda ºrnekler ¿zerinde 
ger­ekleĸtirilmiĸtir. U­larda oluĸan aĸēnma 
25X b¿y¿tmeli mikroskop yardēmēyla ¿sten 
ve yandan ºl­¿lm¿ĸt¿r. Kaya­lara ait 
Cerchar aĸēnma indeks deĵeri 5 ­izimin 
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aritmetik ortalamasē alēnarak bulunmuĸtur. 
Deney aleti ve aĸēnma sonrasē aĸēnan deney 

numuneleri ķekil 6ôda verilmiĸtir. 
 

  

                 ķekil 6. Cerchar aĸēnma aleti ve deney sonrasē u­ gºr¿n¿m¿ 

Norve­ aĸēnma deneyi (AV), Deney ºzellikle 
1980ôli yēllarēn ilk yarēsēndan itibaren klasik 
delme patlatma yºntemiyle ve tam cepheli 
t¿nel a­ma makinalarēnda (TBM) keski 
t¿ketiminin ve performanslarēnēn ºnceden 
belirlenmesinde kullanēlmaktadēr 
(Johannessen 1998).  Norve­ Aĸēnma 
d¿zeneĵi ve deney aleti ķekil 7ôde 
gºsterilmiĸtir  

Bºhme aĸēnma deneyi, s¿rt¿nmeden 
kaynaklanan aĸēnma kayēplarē, genellikle 
karbonatlē kaya­larda y¿ksek, mineral i­eriĵi 
ve i­erdiĵi minerallerin ºzellikleri nedeniyle 
magmatik kºkenli kaya­larda ise d¿ĸ¿kt¿r. 
S¿rt¿nme ile aĸēnma kaybēnēn belirlenmesi 
her kaya­ t¿r¿nde 7 cm boyutunda dºrder 
adet karot numunesi kullanēlmēĸtēr. 
Numunelerin alt ve ¿st y¿zeylerinin birbirine 
paralel olmasēna dikkat edilmiĸtir. 
Deneylerde aĸēndērēcē malzeme olarak 
zēmpara tozu kullanēlmēĸtēr. 

 

 

 
ķekil 7. Norve­ aĸēnma aleti deney d¿zeneĵi 
(Dahl vd, 2012) 

Bºhme aĸēnma deneyi, s¿rt¿nmeden 
kaynaklanan aĸēnma kayēplarē, genellikle 

karbonatlē kaya­larda y¿ksek, mineral i­eriĵi 
ve i­erdiĵi minerallerin ºzellikleri nedeniyle 
magmatik kºkenli kaya­larda ise d¿ĸ¿kt¿r. 
S¿rt¿nme ile aĸēnma kaybēnēn belirlenmesi 
her kaya­ t¿r¿nde 7 cm boyutunda dºrder 
adet karot numunesi kullanēlmēĸtēr. 
Numunelerin alt ve ¿st y¿zeylerinin birbirine 
paralel olmasēna dikkat edilmiĸtir. 
Deneylerde aĸēndērēcē malzeme olarak 
zēmpara tozu kullanēlmēĸtēr. 

3.2.3 Mekanik Deneyler 
Laboratuarda kaya­larēn mekanik 
ºzelliklerini incelemek i­in Cankurtaran 
T¿neliônden alēnan bloklardan NX 
boyutunda (54 mm ­apēnda) karot alēnmēĸtēr. 
Hazērlanan karot ºrnekler ¿zerinde 
kaya­larēn mekanik ºzellikleri belirlemek 
i­in. Tek eksenli basēn­ dayanēmē, dolaylē 
­ekme dayanēmē ve nokta y¿k dayanēm 
deneyleri ger­ekleĸtirmiĸtir.

Tek eksenli basēn­ dayanēmē, kayacēn 
dayanēmēnēn delinebilirlik, u­ t¿ketimi ve 
aĸēndērēcēlēk deneyleri ile arasēndaki 
iliĸkilerini araĸtērēlmasēnda kullanēlmaktadēr 
(Plinninger vd., 2004). Tek eksenli basēn­ 
dayanēmē deneyi i­in boy/­ap oranē 2.0 - 2.5 
olacak ĸekilde ºrnekler hazērlanmēĸtēr. Her 
kaya numunesi i­in en az 5 ºrnek 
hazērlanmēĸtēr (ISRM 1981). 

Dolaylē ­ekme dayanēmē deneyinin 
yapēlmasēndaki ama­ kaya­ ºrneklerinin 
­apsal y¿kleme altēnda ­ekilme 
dayanēmlarēnēn dolaylē yoldan tayinidir. 
Kayacēn dolaylē ­ekme dayanēmē deneyi 
ISRM (1981)ôe gºre yapēlmēĸtēr. Deneyler, 
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her kaya­ ºrneĵi i­in kalēnlēĵē yarē­apēyla 
eĸit olan (2,7 cm) boyunda yaklaĸēk 10ôar 
adet ºrnek ¿zerinde ger­ekleĸtirilmiĸtir.  

Nokta y¿k dayanēmē, kaya­larēn dolaylē 
basēn­ dayanēmlarēnē bulmak amacēyla 
yaygēn olarak kullanēlmaktadēr.  Nokta y¿k 
dayanēm deneyi (IS(50)) ISRM (1985)'e gºre 
yapēlmēĸtēr. Deney eksenel olarak, boy/ ­ap 
oranē 0,3-1 arasēnda olacak ĸekilde yaklaĸēk 
10ôar adet ºrnek ¿zerinde ger­ekleĸtirmiĸtir.  

4 LABORATUAR ¢ALIķMALARI 
4.1 Delme Hēzē Ķndeksinin 
Deĵerlendirilmesi  
Delme hēzē indeksi ķekil 8ôde verilen grafik 
yardēmēyla bulunur. Grafiĵin altēndaki 
kērēlganlēk  (S20) deĵeri ile Sievers minyat¿r 
delme (SJ) deneyinden elde edilen sonu­larla 
DRI deĵeri bulunur.  Laboratuvarda 
ger­ekleĸtirilen kērēlganlēk (S20) ve Sievers 
minyat¿r delme (SJ) deney sonu­larē ¢izelge 
1ôde verilmiĸtir. Bulunan sonu­lar ¢izelge 
2ôde verilen DRI kaya­ sēnēflandērēlmasē gºre 

sēnēflandērēlmēĸtēr. Sievers minyat¿r delme 
deneyinde kullanēlan deney ºrnekleri ķekil 
9ôda verilmiĸtir. 

 
ķekil 8. Delme hēzē indeksi belirleme 
diyagramē (Dahl 2003)

¢izelge 1. Delme oranē indeks deney sonu­larē ve sēnēflandērēlmasē 

No Can Kurtaran 
T¿neli 

Kaya­ 
tanēmē SJort SJ, Sēnēfē S20ort 

(%) S20, Sēnēfē DRI DRI,  Sēnēfē 

1 Saĵ ­ēkēĸ Andezit 50,00 Ñ 0,05 Orta 35,15 D¿ĸ¿k 43 ¢ok d¿ĸ¿k 
2 Saĵ ­ēkēĸ Marn 82,70 Ñ 2,96 Y¿ksek 55,93 Orta 66 Y¿ksek 

3 Saĵ giriĸ Bazaltik-
andezit 140,00 Ñ 1,69 Olduk­a y¿ksek 43,47 Orta 64 Y¿ksek 

4 Sol ­ēkēĸ Kumtaĸē 73,40 Ñ 0,38 Y¿ksek 34,44 D¿ĸ¿k 44 D¿ĸ¿k-orta 

5 Sol giriĸ Kire­taĸē 113,60 Ñ 1,89 Olduk­a Y¿ksek  56,58 Y¿ksek 71 ¢ok 
y¿ksek 

¢izelge 2. DRI, SJ ve S20 deneylerinin sēnēflamasē (Dahl 2003) 

Sēnēf DRI sēnēflamasē (SJ) sēnēflamasē 
Deĵer 

( S20) sēnēflamasē 
Olduk­a d¿ĸ¿k Ò25 <2 <30 

¢ok d¿ĸ¿k 26-32 2-3 31-34 
D¿ĸ¿k 33-42 4-6 35-41 
Orta 43-57 7-18 42-50 

Y¿ksek 58-69 19-55 51-59 
¢ok y¿ksek 70-82 56-86 52-67 

Olduk­a y¿ksek Ó83 >86 >67 
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ķekil 9. Sievers minyat¿r delme deneyinde 
kullanēlan deney ºrnekleri 
 

4.2 Kaya­larēn Aĸēndērēcēlēk ¥zellikleri  
Kaya­larēnēn aĸēndērēcēlēk ºzelliĵini 
belirlemek i­in ger­ekleĸtirilen deney 
sonu­larē ¢izelge 3ôde gºsterilmiĸtir. ¢izelge 
3ô¿ incelediĵimizde en fazla Cerchar aĸēnma 
indeksi 2,16 deĵerinde saĵ ­ēkēĸ t¿pten 
alēnan andezit ºrneĵinde gºr¿lmektedir. 
Andezit ºrneĵine ait Cerchar aĸēnma 
u­larēnēn ¿sten ve yandan ºl­¿m sonu­larē 
ķekil 10ôda verilmiĸtir. Ayrēca aĸēndērēcēlēk 
deneyi i­in ger­ekleĸtirilen diĵer aĸēnma 
Bºhme aĸēnma deneyidir. Bu aĸēnma deneyi 
s¿rt¿nmeden kaynaklanan aĸēnma kayēplarēnē 
vermektedir. Kalēnlēk ve aĵērlēk kaybēna gºre 
ger­ekleĸtirilen Bºhme aĸēnma deney 
sonu­larē ¢izelge 4ôde verilmiĸtir.

¢izelge 3. Cerchar aĸēnma indeks ve Norve­ aĸēnma indeksi deney sonu­larē ve aĸēndērēcēlēk 
sēnēflamasē 

 
No Can Kurtaran 

T¿neli 
Kaya­ tanēmē CAIort CAI sēnēfē AV ort AV sēnēfē 

1 Saĵ ­ēkēĸ Andezit 2,16Ñ0,73 Aĸēndērēcē ¢ok aĸēndērēcē 1 ¢ok d¿ĸ¿k 
2 Saĵ ­ēkēĸ Marn 0,70Ñ0,13 Hafif aĸēndērēcē - - 
3 Saĵ giriĸ Bazaltik-andezit 1,87Ñ0,54 Aĸēndērēcē 0,5 Olduk­a d¿ĸ¿k 
4 Sol ­ēkēĸ Kumtaĸē 2,01Ñ0,16 Aĸēndērēcē 1 ¢ok d¿ĸ¿k 
5 Sol giriĸ Kire­taĸē 0,54Ñ0,18 Hafif aĸēndērēcē 0,5 Olduk­a d¿ĸ¿k 

 

 
 

 

ķekil 10. Andezit ºrneĵine ait Cerchar aĸēnma u­larēnēn ¿sten ve yandan ºl­¿lmesi 

         ¢izelge 4. Bºhme aĸēndērma deney sonu­larē 

No Can Kurtaran 
T¿neli Kaya­ tanēmē Aĵērlēk kaybē 

(gr/23cm2) 
Kalēnlēk kaybē 
(cm/23 cm2) 

1 Saĵ ­ēkēĸ Andezit 11,7 1,9 
2 Saĵ ­ēkēĸ Marn 18,8 3,0 
3 Saĵ giriĸ Bazaltik-

andezit 14,5 2,4 

4 Sol ­ēkēĸ Kumtaĸē 17,0 2,7 
5 Sol giriĸ Kire­taĸē 16,7 2,8 

  

¦sten Yandan 
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4.3 Kaya­larēn Mekanik ¥zellikleri 
Kaya­lar ¿zerinde ger­ekleĸtirilen tek 
eksenli basēn­ dayanēm sonu­larē ve Deere 
ve Miller (1966) gºre kaya dayanēmēn 
sēnēflandērmasē ¢izelge 5ôde verilmiĸtir.  

Nokta y¿k dayanēmē deney sonu­larē ve 
Bieniawski (1975) gºre nokta y¿k 
dayanēmēm sēnēflandērmasē ¢izelge 6ôda 
verilmiĸtir. Dolaylē ­ekme dayanēmē ait 
deney sonu­larē ¢izelge 7ôde gºsterilmiĸtir.

 
¢izelge 5. Tek eksenli basēn­ dayanēmē deney sonu­larē ve kaya sēnēflandērēlmasē 

No 
Can 

Kurtaran 
T¿neli 

Kaya­ 
tanēmē 

¥rnek 
sayēsē 

¢ap  
(mm) 

Boy 
(mm) 

Doĵal 
aĵērlēĵē 

(gr) 

Tane 
hacmi 
(cmį) 

Birim hacim 
aĵērlēk 

(gr/cmį) 

Tek eksenli 
basēn­ dayanēmē 

ůc (MPa) 
Kaya sēnēfē 

1 Saĵ ­ēkēĸ Andezit 5 53,8 109,0 661,5 248,0 2,7 163,4 Y¿ksek 
dayanēmlē 

2 Saĵ ­ēkēĸ Marn 6 54,3 120,2 736,2 277,9 2,6 19,3 ¢ok d¿ĸ¿k 
dayanēmlē 

3 Saĵ giriĸ Bazaltik-
andezit 7 53,5 109,4 663,0 246,0 2,7 37,4 D¿ĸ¿k 

dayanēmlē 

4 Sol ­ēkēĸ Kumtaĸē 5 54,4 117,9 741,0 274,1 2,7 101,0 Y¿ksek 
dayanēmlē 

5 Sol giriĸ Kire­taĸē 5 53,6 112,9 670,3 254,2 2,6 29,9 D¿ĸ¿k 
dayanēmlē 

¢izelge 6. Nokta y¿kleme deneyi sonu­larē ve kaya sēnēflandērēlmasē 

 

¢izelge 7. Dolaylē ­ekme dayanēmē 
(Brazilian) deney sonu­larē 

No 
Can 

Kurtaran 
T¿neli 

Kaya­ 
tanēmē 

¥rnek 
sayēsē 

¢ap  
(mm) 

Boy 
(mm) 

¢ekme 
dayanēmē 
ůt (MPa) 

1 Saĵ ­ēkēĸ Andezit 10 53,9 29,9 17,5 
2 Saĵ ­ēkēĸ Marn 8 54,1 31,2 7,5 

3 Saĵ giriĸ Bazaltik-
andezit 13 53,5 29,6 8,1 

4 Sol ­ēkēĸ Kumtaĸē 7 54,3 30,5 13,7 
5 Sol giriĸ Kire­taĸē 6 53,5 28,4 5,4 

5 VERĶLERĶN DEĴERLENDĶRĶLMESĶ 

¢alēĸma kapsamēnda Cankurtaran T¿nelinde 
alēnan kaya­lar ¿zerinde delinebilirlik,  

 
 
aĸēndērēcēlēk ve mekanik deneyleri 
ger­ekleĸtirilmiĸ. Elde edilen aĸēndērēcēlēk ve 
mekanik deney sonu­larē delme oranē indeksi 
verileri ile basit regresyon analizleri kurarak 
istatiksel olarak deĵerlendirilmiĸtir. 

Kaya­larēn mekanik ºzelliklerinden olan 
tek eksenli basēn­ dayanēmē, nokta y¿k 
dayanēmē, dolaylē ­ekme dayanēmē ve 
Cerchar aĸēnma indeksi deĵerlerinin DRI ile 
iliĸkilerine bakēldēĵēnda y¿ksek 
korelasyonun olduĵu gºr¿lm¿ĸt¿r. Bu 
iliĸkiler ķekil 11 ve ķekil 12ôde sērasēyla 
gºsterilmiĸtir.

 
 
 
 
 
 
 

No Can Kurtaran T¿neli Kaya­ tanēmē ¥rnek sayēsē  ¢ap  (mm)  Boy (mm) Is(50) 
MPa Kaya sēnēfē 

1 Saĵ ­ēkēĸ 2 Andezit 7 53,7 38,8 8,9 ¢ok y¿ksek dayanēm 
2 Saĵ ­ēkēĸ 4 Marn 9 54,1 43,7 1,8 D¿ĸ¿k dayanēm 
3 Saĵ giriĸ 5 Bazaltik-andezit 10 53,6 33,6 2,0 Orta dayanēm 
4 Sol ­ēkēĸ 1 Kumtaĸē 8 54,3 35,7 5,2 Y¿ksek dayanēm 
5 Sol giriĸ 5 Kire­taĸē 10 53,5 36,6 2,5 Orta dayanēm 
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ķekil 11.Tek eksenli basēn­ dayanēmē ile nokta y¿k dayanēm sonu­larēnēn DRI ile iliĸkisi 

  
   ķekil 12. ¢ekme dayanēmē ile CAI sonu­larēnēn DRI ile iliĸkisi

DRI ile bu parametreler arasēnda y¿ksek 
korelasyonlu ters bir lineer iliĸkinin olduĵu 
gºr¿lm¿ĸt¿r. Diĵer bir ifadeyle kaya­larēn 
mekanik ve aĸēndērēcēlēk ºzelliklerinin 
artmasē delme hēzē indeksinin azalmasēna 
neden olmaktadēr 

Ayrēca kaya­larēn diĵer aĸēndērēcēlēk 
ºzelliklerinden olan Bºhme aĸēnma indeksi 
deĵerlerinin DRI ile iliĸkilerine bakēldēĵēnda 

y¿ksek korelasyonun olduĵu gºr¿lm¿ĸt¿r 
(ķek 13). DRI ile bu parametreler arasēnda 
anlamlēlēk d¿zeyi y¿ksek korelasyonlu bir 
lineer iliĸkinin olduĵu gºr¿lm¿ĸt¿r. Diĵer bir 
ifadeyle aĵērlēk ve hacim bakēmēnda aĸēnma 
kayēplarēnēn artmasē kaya­lar ¿zerinde delme 
oranē indeksinin arttēĵēnē gºstermektedir. 
Delme oranē indeksi y¿ksek olduĵu i­in 
aĵērlēk ve hacim kaybē y¿ksek olur. 

  
ķekil 13. Bºhme aĸēnma dayanēmēnēn kalēnlēk ve aĵērlēk kaybēnēn DRI arasēndaki iliĸki 

¢alēĸma alanē yapēmē tamamlanmasēyla 
5.288m uzunluĵu ile T¿rkiyeônin en uzun  

 
karayolu t¿neli ºzelliĵini taĸēyacak olan 
Hopa-Bor­ka Cankurtaran T¿neliôdir. ¢ift 
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t¿p olarak inĸa edilmekte olan t¿nelin giriĸ 
ve ­ēkēĸēnda farklē kaya­ formasyonlarēndan 
alēnan ºrnekler ¿zerinde ger­ekleĸtirilmiĸtir. 

Cankurtaran T¿neliônden alēnan andezit, 
bazaltik andezit, marn, kire­taĸē ve kumtaĸē 
kaya­larē ¿zerinde delinebilirlik, aĸēndērēcēlēk 
ve mekanik deneyler ger­ekleĸtirilmiĸtir. 
Delme oranē indeksi ile tek eksenli basēn­ 
dayanēmē, nokta y¿k dayanēmē, dolaylē 
­ekme dayanēmē ve CAI deĵerleri ile 
arasēndaki iliĸkileri incelediĵimizde 
kaya­larēn dayanēm ve aĸēnma deĵerleri 
arttēk­a delmeye karĸē gºsterdikleri diren­ 
artmaktadēr. Ayrēca  Bºhme aĸēnma indeksi 
deĵerleri arasēnda iliĸkiyi incelediĵimizde 
kaya­ aĸēnēmē artēk­a delme oranē indeksinin 
artēĵēnē gºstermektedir. 

Sonu­ olarak, laboratuvar ve arazi 
­alēĸmalarē sonucunda elde edilen veriler, 
araĸtērmalar, analizler ve deneyimler 
deĵerlendirildiĵinde kaya­larēn mekanik ve 
aĸēnma ºzellikleri DRI deĵerleri arasēnda 
belirgin bir iliĸkinin olduĵu ortaya ­ēkmēĸtēr. 
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 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. 
 
 
 

Circular diamond sawblades are one of the 
most used cutting tools that have been 
widely used in sawing of natural stones 
throughout the world (Atēcē 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 Atēcē (2004), Buyuksagis 
(2007), Yēlmaz et al. (2011), Yurdakul and 
Akdaĸ (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 workersô 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 cm Ĭ 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/m3), 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 610Ñ5 Vickers 
hardness, 200 kg/mm2 tensile strength, and a 
cone angle of 90Á 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 

Rock Properties Giallo 
Fiorito 

Nero 
Zimbabwe Star Galaxy 

Uniaxial strength (MPa) 167.65 242.6 201.47 
Density (kN/m3) 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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Table 3. Experimental layout 

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  Ñ1.4dB 
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 

unit time or the area cut per unit time as 
shown in Figure 7. 
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Figure 3. Peripheral speed versus noise level 
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Figure 4. Traverse 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 (Eqs. 1-3). 
 
NLGF (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) 

NLNZ (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                     (2) 
       
NLSG (dB) = 86.9416 + 0.2738 A + 0.1200 B 
+ 1.5088 C - 0.0115 D                   
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.  
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Figure 6. Flow rate of cooling fluid versus 
noise level 
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Figure 7. Specific removal rate versus noise 
level 

From Table 5, it was seen that the R2 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 

Rock type Independent 
variables Coefficient Standar

d error 

Standar
d error 

of 
estimate 

Determinatio
n coefficient 

(R2) 

Giallo 
Fiorito 

S 88.0695 1.332 

0.411 0.9456 
A 0.2470 0.026 
B 0.1157 0.013 
C 1.3030 0.224 
D - 0.0061 0.003 

Nero 
Zimbabwe 

S 82.9560 0.734 

0.227 0.9880 
A 0.2734 0.014 
B 0.1545 0.007 
C 1.4859 0.123 
D - 0.0056 0.001 

Star 
Galaxy 

S 82.8019 1.069 

0.330 0.9759 
A 0.3040 0.021 
B 0.1461 0.010 
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 
significant. In other words, it can be 

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 
models are statistically valid. 

Table 6. F-test and t-test results for regression analysis  

Rock Type t-value Tabulated t-
value F-ratio Tabulated F-

ratio 

 

66.135 

1.729 52.151 3.13 
9.491 
8.892 
5.824 
-2.352 

 

113.015 

1.729 246.980 3.13 
19.059 
21.541 
12.049 
-3.932 

 

77.482 

1.729 121.312 3.13 
14.557 
13.992 
8.211 
-3.189 

 

It was concluded 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 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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