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ABSTRACT

INVESTIGATION OF BLAST INDUCED GROUND VIBRATION AND AIR
BLAST AROUND USAK KISLADAG GOLD MINE

Tanriseven, Esra Nur
Ph.D, Department of Mining Engineering
Supervisor: Assoc. Prof. Dr. Hasan Aydin Bilgin

September 2018, 210 pages

The objective of this study is to evaluate the effects of blasting operations conducted
in Kisladag Open Pit Gold Mine on surrounding villages in terms of ground vibration
and air shock in the light of commonly used regulations. Moreover, it is aimed to give
site specific propagation laws for future blasts and to determine safe explosive
amounts that can be blasted at the same time not to exceed safe ground vibration limits
in the villages. Kisladag Gold Mine is located in the middle of three settlements;
Gumiiskol, Karapinar and Katrancilar villages. Data are obtained from the monitoring
stations located on the paths towards villages. Blasting operations are evaluated under
two classes due their different loading and stemming characteristics; production blasts
and presplit blasts. For ground vibration and air shock prediction linear regression
analysis and multiple linear regression (MLR) analysis are used and their
performances are compared by means of statistical parameters. The performances of
analyses from both unclassified and classified data according location of blast round
in the pit are tested and compared. Different input combinations for multiple linear
regression analysis are tested by using scaled distance, charge weight, distance, and
elevation difference between blast round and monitoring station. The results indicate
that linear regression analysis has better performance for ground vibration prediction

and blast round location affects the ground vibration levels. Whereas, for air blast

\



prediction MLR is a better tool and elevation difference has an important effect on air
blast levels.

Keywords: Ground vibration, air blast, production blast, presplit blast, Multiple
Linear Regression Analysis

Vi



Oz

USAK KISLADAG ALTIN MADENI CEVRESINDE PATLATMA
KAYNAKLI YER TIiTRESIMi VE HAVA SOKUNUN
DEGERLENDIRILMESI

Tanriseven, Esra Nur
Doktora, Maden Miihendisligi BolUmii
Tez Yoneticisi: Dog. Dr. Hasan Aydin Bilgin

Eylul 2018, 210 sayfa

Bu tez calismasinin amaci, Kisladag Altin Madeni Yeriistii Ocak Isletmesi’nde
yapilmakta olan patlatmalarin yarattigi etkilerin yer titresimi ve hava soku bakimindan
Ol¢iilmesi ve ¢evredeki koyler tizerindeki etkilerinin siklikla kullanilan yénetmeliklere
gore degerlendirilmesini kapsamaktadir. Ayrica araziye 0zgl sonumlenme
esitliklerinin ve koylerde giivenli titresim limitlerini gegcmeyecek sekilde gecikme
basina patlatilabilecek maksimum patlayici miktarinin belirlenmesi amaglanmistir.
Kisladag Altin Madeni, Giimiiskol, Karapinar ve Katrancilar Kdylerinin ortasinda yer
almaktadir. Veri koylere giden yollar {izerinde konumlandirilmis 6lgUm
istasyonlarindan elde edilmistir. Patlatmalar degerlendirilirken sikilama ve patlayici
miktarlarina gore iiretim patlatmalar1 ve 6n kesme patlatmalar1 olarak iki ayr1 sinif
altinda incelenmistir. Bu ¢alismada yer titresimi ve hava soku tahmini igin dogrusal
regresyon ve ¢oklu dogrusal regresyon analizi kullanilmis olup performanslari
istatiksel parametreler kullanilarak kiyaslanmistir. Ayrica patlatma grubunun ocak
icerisindeki konumuna gore siniflandirilmis ve smiflandirilmamis veri {izerinde
analizler yapilarak sonuglar karsilastirilmistir. Coklu dogrusal regresyon analizi igin
Olgekli mesafe, patlayicit miktari, mesafe, patlatma ve 6l¢lim istasyonu arasindaki kot

farki kullanilarak farkli girdi parametreleri kombinasyonlari denenmistir. Sonuglar yer

vii



titresimi tahmini i¢in dogrusal regresyon yOnteminin daha iyi sonu¢ verdigini ve
patlatma grubu konumunun yer titresimi iizerinde etkili bir faktér oldugunu
gostermektedir. Hava soku tahmini igin coklu dogrusal regresyon analizi daha iyi
sonuglar vermistir ve kot farkinin hava soku Uzerinde 6nemli bir etkisi oldugu

gorilmiistiir.

Anahtar Sozcukler: Yer titresimi, hava soku, tretim patlatmasi, 6n kesme patlatmasi,

Coklu dogrusal regresyon
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CHAPTER 1

INTRODUCTION

Ground vibration, air blast, and dust are common results of blasting operations and can
even result in damage in nearby buildings and disturbance of people settling around
the mine. Charge amount, distance to blast site, face height and orientation, diameter
and length of blasthole, type of rock mass, explosive type, and stemming amount are
mostly known factors that are affecting the damage levels of a blast. Complaints of
local people about vibrations, noise, and damage in the houses led to this study. In this
study, ground vibrations and air overpressure induced by production blasting and
presplit blasting are predicted by using linear regression analysis and Multiple Linear
Regression (MLR) analysis to estimate their damage potential and to minimize

disturbance in Giimiiskol, Karapinar, and Katrancilar villages.

1.1 Objectives and Scope of the Study

This research aims to evaluate the environmental impacts of the blasting operations
conducted in Kisladag Gold Mine and to give safe explosive amounts which do not
create any structural damage. The scope of this study includes ground vibration and
air blast overpressure monitoring on the determined paths towards the villages around
the mine and their evaluation. In this context designated steps are followed;

1) Locations of monitoring stations are determined around the mine toward the
surrounding villages.

2) Ground vibration and air blast records are collected by means of seismographs.

3) Monitoring stations are selected according to wind direction and location of the
blast group, daily.

4) Maximum instantaneous charge (MIC) of blasts and distance of blastholes (giving
MIC) to measurement stations are obtained.

5) Daily meteorological data at the time of blasting are obtained.



6) Production blasts and presplit blasts are investigated separately with linear
regression analysis and MLR method. The best method is determined by using
statistical parameters.

7) The site-specific propagation laws are obtained for each village with linear
regression analysis.

8) Obtained site-specific propagation laws are used to determine safe explosive
amounts to minimize the damage risk and public complaints from the surrounding
villages.

9) Measured ground vibration and air blast levels are evaluated according to

regulations.

1.2 Research Methodology

This research study is comprised of two parts; these are data acquisition and
classification and their analysis. A four-month period was allocated for data
acquisition stage. Presplit blasts and production blasts are investigated separately due
to their different characteristics. Then, data are categorized according to the blast
location within the pit (both for ground vibration and air shock analysis) and wind
direction at the moment of blast (for air shock analysis). Then site-specific propagation
laws are determined for each village using least squares regression analysis that will
be used for the determination of maximum allowable charge according to blast
location for later blasting operations. For this purpose, cube root scaled distance versus
air blast level and square root scaled distance versus peak particle velocity are graphed
in logarithmic-logarithmic scale. Ground vibration and air blast levels are evaluated
according to regulations and legislations. Research methodology and number of
records related to each blasting type is given in Figure 1.1.
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CHAPTER 2

LITERATURE REVIEW

2.1 Ground Vibration

When an explosive charge in a blasthole is detonated, a certain amount of energy is
released and the rock surrounding the charged blasthole is subjected to stress and
fractures. At some distance from the blasthole, the explosion energy decreases to a
level, which does not induce more shattering or displacement, and proceeds to travel
through the rock as an elastic vibration (Richards & Moore, 2009a). The ground
vibration radiates from the blasthole and its intensity decreases with distance to below
perception levels. Ground vibration at sufficiently high levels will damage buildings;
however, people can feel levels below structural damage levels. Figure 2.1 shows the

behavior of the waves radiating from the blasthole.

maximum
displacement

N Al ,o“\“’f'“"i
N O AR il

At a remote point
We can measure;

Amplitude decreases with distance - Amplitude (A)
_— - Acceleration (a)
= Velocity (v)

= Frequency (F)

Figure 2.1 Wave terminology (Richards & Moore, 2009a).

2.1.1 Wave Types

Ground vibrations are the common outcome of blasting operations, and vibrations are

composed of two types of waves; body waves and surface waves.

2.1.1.1 Body Waves

Body waves are produced by the initial pressure pulse. Compressional (P or primary

wave) and shear waves (S or secondary wave) are generally referred to as body waves,
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since they travel through rock body (Richards & Moore, 2009a). Figure 2.2 illustrates
deformation characteristics of P and S waves. Compressional wave is the fastest wave
travelling through the ground. Compressional waves move radially from the blasthole
in all directions. The particles in the wave move in the same direction as the
propagation of the wave (Richards & Moore, 2009a).

P-wave S-wave
C i & . 3 raay S8 f v
[ ompressmns.l Undisturbed medium o NN TH I /7
':’,,‘;,’/,’/,’,,’I’,I,Il, 7 7 - g g \ ; 3 /
1
iy
‘—- Dilations —J ..... I '\. 2
Double Amplitude
+ Wavelength—
' T : -
Direction of wave propagation Direction of wave propagation

Figure 2.2 Deformation characteristics of Primary and Secondary waves (SOS-LIFE Earthquake early
warning system, 2015)

Shear wave has a propagation velocity of 50-60% of the P waves. The particles within
the wave move at right angles to the wave propagation direction. This type of wave is
formed when the medium particles oscillate perpendicular to the direction of
propagation (Prdhan & Das, 2007).

2.1.1.2 Surface Waves

Surface waves are the slowest in propagation velocity and far more the most
destructive type of waves due to lowest decay with distance. Surface waves attenuate
more rapidly with depth than body waves. These waves travel along the surface as two
types of waves; Rayleigh wave (R-wave) and Love wave (Q-wave). These waves
cause the most of complaints and vibration problems (Prdhan & Das, 2007). Figure
2.3 shows deformation characteristics of Q and R waves. Love wave is faster than
Rayleigh wave. Love waves are characterized by particle vibration of shear in

horizontal transverse direction (Prdhan & Das, 2007).
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Figure 2.3 Deformation characteristics Love and Rayleigh waves (SOS-LIFE Earthquake early
warning system, 2015)

Whereas, the particles within the Rayleigh wave move in an elliptical path in a vertical
plane in the direction of propagation and have no transverse component (Richards &

Moore, 2009a). The wave motions of all three types of waves are illustrated in Figure
2.4.
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Figure 2.4 Particle motion associated with the different wave types (Richards & Moore, 2009a)

2.1.2 Ground Vibration Level

Ground vibration prediction is a prominent issue and various researchers proposed
different formulas to represent ground vibration. Five basic relations are given for
particle velocity prediction due to blasting.



2.1.2.1 USBM Formula

Assuming that explosives have cylindrical geometry, Duvall & Petkof (1959); Duvall
& Fogelson (1962); Daemen et al.(1983); Duvall et al. (1963) concluded that the actual
distance should be divided by the square of the charge mass (Pal Roy, 2005).

V = peak particle velocity (mm/s)

B = slope of the best fit straight line of the velocity vs (D/\/ﬁ) plot on log-log scale

K = intercept on velocity axis when (D/,/Q) = 1 (rock transmission factor)
Q = charge mass (kg)
D = distance (m)

-B
VK [3}
Jo
2.1.2.2 Langefors-Kihlstrom Formula
Langefors et al. (1958) suggested the following relationship for various charging levels
to estimate peak particle velocity (Pal Roy, 2005). This formula was based on blasting

in hard rock. The rock transmission factor allows for prediction of PPV for varying

rock types and confinement conditions (Richards & Moore, 2009a).

V:K[ &j
D

2.1.2.3 Ambraseys-Hendron Formula

For spherical symmetry Ambraseys and Hendron (1968) suggested an inverse power
law to relate amplitude of seismic waves and scaled distance (Pal Roy, 2005). They

also suggested cube root scaled distance.

-B
vok| 2
[% J
2.1.2.4 Indian Standard Formula

Indian Standard (1973) used a concept in which blast is scaled to the equivalent

distance (Pal Roy, 2005), the relation is expressed as:



VK[Q_J
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2.1.2.5 CMRI (Central Mining Research Intitute) Formula

The formula takes into consideration only the geometrical spreading as the reason for
attenuation of ground vibrations (Mohamed, 2010). This equation is valid only in the
zone of disturbance, namely when Q>0 and V>0 (Pal Roy, 2005).

oo

where n is related to the category of parameters, which are influenced by rock
properties and geological discontinuities (Prdhan & Das, 2007). K is related to design
parameters such as; charge weight, distance to blasting, charge diameter, delay,
spacing, burden, stemming, and sub drilling (Prdhan & Das, 2007). Predictor equations

are summarized in Table 2.1.

Table 2.1 Predictor equations

Name of Predictor Equation Equations
D -B
USBM (Duvall and Fogelson, 1962) V=K <ﬁ>
B
; , Q
Langefors-Kihlstrom (1978) V= K< ])27>
D -B
Ambraseys-Hendron (1968) V=K (—)
Ve
Q*/3 B
Indian Standard Predictor (1973) V=K (T)
CMRI (or CMRS) V= n+K(\/§>

2.2 Air Vibration

Air blast (or air vibration) arises from the stemming release and gas release pulses
along with rock and air pressure pulses and radiates in air from an exploding charge
(Jimeno et al., 1995). When a pressure wave passes through a place, the pressure of

the air increases very rapidly then decreases more slowly to a level below the



atmospheric pressure before maintaining the atmospheric value (Richards & Moore,
2009a). A characteristic air vibration wave trace for a single hole blast is given in
Figure 2.5. A multi hole blasting results in a more complex wave trace, since the waves

of the individual holes interact with each other.

Air vibration arrival
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P . s A N A A '.Ar/\ A~ _ sytem returns to equilibrium
a 0.00 L A AT WA IR VARV v
-5.00 3 V
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Figure 2.5 Air vibration (Pascal) wave trace for a single hole firing (Richards & Moore, 2009b)

The air blast curve from a single hole has an 'N' shape, formed from an initial positive
phase followed by a negative phase and then several minor fluctuations (Richards &
Moore, 2006). The 'N' wave shape varies depending on whether air vibration is
recorded in front of a free vertical face or behind a free face (Richards & Moore, 2006).
Typically, the positive phase has higher pressure than the negative phase but has a

shorter duration as shown in Figure 2.6.

,P/oi\x Negative e
phase \ phase !

! Time

Positive

-4— Pressure —#=

Negative

Figure 2.6 Synthesized air blast ‘N’ wave from single hole blasting (Richards & Moore, 2006)
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Mohamed (2010) stated that generally four mechanisms are responsible for the
formation of air vibrations: the venting of gases to the atmosphere from unconfined
explosive charges (i.e. presplit blasts), release of gases to the atmosphere from exposed
detonating fuse (initiation system), ground motions resulting from the blast, and the
motion of rock at the bench face.

Audible air blast is called noise while air blast at frequencies below 20 Hz and
inaudible to the human ear is called infrasound (Mohamed, 2010). Human ear can hear
the sound at frequencies between 20 Hz and 20000 Hz (Siskind, 2000). The noise can
be continuous (duration>1 second) or impulsive (such as shock) (Mohamed, 2010).
Air blast is generally expressed in terms of Pascal (Pa), decibels (dB), or pounds per
square inch (psi). The audible portion of air blast ranges between different amplitudes
and frequencies, thus the decibel scale is generally used to describe sound level based
on human hearing (Persson et al., 1994). The below relationship gives air blast in
decibels (dB) where P is the measured peak sound pressure and Po is the reference
pressure of 2.9 x 10 psi (20 x 10 Pa) (Mohamed, 2010). The logarithmic decibel
scale is appropriate for acoustic measurements where human disturbance is the case
(Persson et al., 1994).

dB =20log,, (% )
0

Maximum instantaneous charge blasted per delay and distance from the blasthole are
the main factors affecting air blast level. Moreover, it is extremely affected by
atmospheric conditions (such as strength and direction of wind, humidity, temperature,
and cloudy weather) and topographical shielding. These factors absorb some part of
the overpressure waves and deflect some part of it and the remaining part travels long
distances without loss (Dowding, 1985). Air blast can be identified with only one
transducer, different from ground vibrations, since air pressure is equal in all directions

(Mohamed, 2010). Various sources of air blast are shown in Figure 2.7
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Figure 2.7 Sources of air blast (Jimeno et al., 1995)

Richards (2013) pointed out important factors influencing air blast levels are:
1) Charge mass and distance from blast

2) Face height and orientation

3) Topographic shielding

4) Stemming height and type

5) Blasthole diameter to burden ratio

6) Burden, spacing, and sequential initiation timing

7) Meteorological conditions.

2.2.1 Charge mass and weight

Air blast level increases with increasing charge mass and decreasing distance from the

blast site. Air vibration level is assessed using the following cube root scaling formula.

P-K| -

[#6 ]
P is Pressure (Pa), Q is the charge mass (kg), D is the distance from charge (m), K is
the site constant and a is the site exponent. Siskind et al. (1980a) emphasized that air

vibration is proportional to the cube root of the charge mass. Thus, reduction in charge

mass could not decrease air vibration levels effectively (Siskind et al., 1980a).
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2.2.2 Face height and orientation

When a blasthole is fired towards a free face, the resulting air vibration is greater in
front of the face (the blast is located behind the pit with respect to village) than behind
the face (the blast is located in front of the pit with respect to village) due to the
shielding effect of the face (Richards, 2013). Figure 2.8 shows the effect of face

orientation.

-
=T the pil
blast

Figure 2.8 Effect of face orientation (Jimeno et al., 1995)

An elliptical contour model was developed to assess air blast levels in the area
surrounding the blast site using the data measured at one or more positions (Richards,
2013). Richards (2013) pointed out the elliptical contours are stretched in front of the
face and mostly flattened behind the face. These contour maps may be used to analyze
air vibration measurements and to assess air vibration levels at unmonitored locations
(Richards, 2013). Richards (2013) indicated that, if there is no free face or the air
vibration is primarily controlled by the stemming height, air blast contours become
circular. The size of the contours can be determined from the inputs: charge mass,
stemming height, and hole diameter. Figure 2.9 shows decibel contours placed over a

plan of the area.
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Figure 2.9 Decibel contours placed over area plan (Richards, 2013)

2.2.3 Topographical shielding

In hilly regions, or deep excavations, air vibration levels are decreased by topographic
shielding in the surrounding area (Richards & Moore, 2009b). Shielding is affected by
effective barrier height and incident angle. Figure 2.10 illustrates the terminology.

barrier
height

monitor

Figure 2.10 Shielding terminology (Richards & Moore, 2009b)

The association between barrier height, incident angle and shielding measured in
decibels linear (dBL) is depicted in Figure 2.11. This relationship allows making
adjustments to sound pressure levels (dBL) determined by the air blast contour model,
to increase the model precision. The following formula may also be used to determine
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the effect of shielding, which is based on the graphical analysis illustrated in Figure
2.12. Where H is the barrier height (m) and 0 is the incident angle.
Shielding (dBL) =15log,, (H )sin(#)**" —10.8sin(6)**" —0.6
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Figure 2.11 Estimation graph for secondary shielding (Richards & Moore, 2009b)
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Figure 2.12 Wavefront diagram showing reinforcement (Richards, 2013)

Figure 2.12 shows strong reinforcement taking place in front of the face because of

strong emission from front row blastholes (Richards, 2013).
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2.2.4 Meteorological conditions

When a blasthole is fired, air vibration wavefront travels outwards from the blasthole
in all directions at the speed of sound. Atmospheric temperature, wind speed and
direction affect the speed of the wavefront (Richards, 2013). Reinforcement takes
place when the sound rays are deflected by variation in temperature or wind and are

concentrated at the surface as shown in Figure 2.13 (Richards, 2013).
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Figure 2.13 Meteorological reinforcement caused by warm air inversion layer (Richards, 2013)

Richards (2013) stated this situation leads to higher air vibration level than that usually
arises from the normal attenuation rate. In fact, the significance of the reinforcement
may sometimes lead to complaints at distances of several kilometers from the blast
site. The reinforcement may result in 10-20 dBL increase at distances greater than 1
km from the blast site (Richards, 2013). In order to identify the effects of the
meteorological conditions on air overpressure, meteorological data are required above
the ground (Richards, 2013).

2.2.5 Combined effect of burden, spacing and sequential initiation timing

A vibration wavefront is formed when a blasthole is fired, which radiates at the

propogation speed uniformly in all directions (Richards, 2013). Richards (2013) stated
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that if the distance between blastholes coincides with the wavefront travel distance,
then reinforcement takes place. Figure 2.14 shows the wavefront reinforcement
diagram for blasting of a row of blastholes 3 m apart with a 9 ms delay, a substantial

increase occurs in air vibration in the direction of initiation (Richards, 2013).
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Figure 2.14 Wavefront reinforcement (Richards, 2013)

Wavefront reinforcement model can be used to evaluate the combined effect of
sequential initiation sequence and drilling pattern (Richards, 2008). Burden, spacing,

delay sequence of each blasthole are the inputs for the model.

Richards (2013) pointed out the model was used to obtain a graphical output for the
determination of the direction and extent of increases in air blast overpressure. Figure
2.15 indicates the influence of this strong reinforcement in air blast contour map placed
over scaled air photo of the site (Richards, 2013). The contour assessment compares
the basic emission case (without wavefront reinforcement) with the total emission case

(due to effect of reinforcement) (Richards, 2013).
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Figure 2.15 Basic air blast emission with wavefront reinforcement (Richards, 2013)
2.3 Scaled Distance

Scaled distance formulas are developed mainly from coal overburden blasting. The
square root scaled distance formula is more commonly used and depends on the idea
that the charge is distributed in the blast hole; therefore, the diameter of the hole is
proportional to the square root of the charge weight (Richards & Moore, 2009a).
However, as the hole length shortens compared to the diameter, the charge mass

approaches a spherical shape, in which case the diameter is proportional to the cube
root of the charge weight (Richards & Moore, 2009a).

Square root scaled distance :%
D
fQ

Blasting energy decay may depend on waveform of the energy and the distance.

Cube root scaled distance =

Namely, at short distances to blast site body waves may be dominant, however at far
distances energy may dissipate mainly through surface waves. Sometimes charge mass

may be a more complicated function than cube or square root where V is PPV, however
the general equation is:
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Square root scaled distance is used to collect data from many blasts, perform a
statistical analysis to determine the site exponent 'B' and site constant 'K' (Richards &
Moore, 2009a). High site exponent results in rapid drops in ground vibration and lower
vibration levels at long distances (Richards & Moore, 2009a). Cube root scaled
distance is more useful for air blast analysis, since air blast intensity decreases more
rapidly with distance than ground vibrations (Ratcliff et al., 2011).

2.4  Amplification Factor and Resonance

Resonant frequency of a system is the value at which the maximum amplitude of
natural oscillation occurs. A system oscillates with greater amplitude at some
frequencies than the others. Ground has a resonant frequency; hard bedrocks have
higher frequencies than soft sediments. When the resonant frequency of the building
and the ground matches, it goes under the highest oscillations and suffer the greatest
damage. Short buildings on hard bedrock and tall buildings on soft sediments suffer
more from ground motions. Short buildings on soft sediment and tall buildings on hard
rock are safer. If resonant frequency of the ground beneath the building is known,

building design can be modified and the damage from resonance can be prevented.

When explosion frequencies do not match the natural frequency of the buildings,
ground vibrations may result in damage (Svinkin, 2008). Such consequences may
occur within a distance equal to excavation depth (close-range explosion), however
the distance may be much higher for susceptible structures (Svinkin, 2008). The
closeness of the dominant frequency of ground vibrations to the natural frequency of
the structure may magnify structural vibrations and even result in resonance (Svinkin,
2008). Figure 2.16 shows vibration records on the ground and in the building with
close frequencies, structural vibrations amplified 2.7 times compared to ground

vibrations. Structural vibrations started to magnify after the first cycle of vibrations.
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Resonance does not take place, if only a couple of cycles of ground vibrations with
dominant frequency arises (Svinkin, 2008). The resonance may be provoked even at
more than one km from the explosion. Resonance of horizontal component of
structural vibrations within 2-12 Hz frequency range is the major concern (Svinkin,
2008).
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Figure 2.16 Ground and structure vibrations with frequency of 5.8 Hz near structure resonance from
Siskind (2000) (Svinkin, 2008)

The probability of building damage also depends on the natural frequency of the
ground and the building. The most critical situation takes place when explosion
frequency is 8 Hz - 10 Hz in single story buildings, 5 Hz in two story buildings and 2
Hz in 5 story buildings when it is close or equal to natural resonant frequency of the
building. In this case, the building resonates even when the wave passes by (Bilgin et

al., 2015).

When the building resonates, if the vibration velocity is below the limit values given
in the regulations and standards, it does not damage the building, but may result in
disturbance of people. However, if the vibration velocity has high amplitude while the
building resonates, the building is damaged. In another case, even if the amplitude of
the seismic wave is not high enough, the resonance of the building can amplify this

amplitude several times and may result in damage of the building (Bilgin et al., 2015).
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According to Dowding (1992), natural frequency of 1 to 2 story buildings is between
5-10 Hz. Thus, it is expected that the amplification of PPV occurs when the frequency
of the seismic wave is equal to 5-10 Hz. As the number of story in a building increases,
natural frequency decreases. The ceilings and walls have natural frequencies between
12-20 Hz and resonates independently from the superstructure (Siskind et al., 1980).

When a structure oscillates at resonant frequency it absorbs most of the energy and
oscillates for a long time with a higher amplitude. Amplification (magnification) factor
is the ratio of vibration amplitude measured at the upper story of a structure to the
amplitude at the base (Adhikari et al., 2005). Siskind (2000) pointed out higher
amplification factors correspond to frequencies between 4-12 Hz. Svinkin (2015)
stated that direct structural damage of 1-2 story buildings without resonance effect
were seen within 33-191 mm/s velocity range for 2-5 Hz frequencies and within 102-

254 mm/s velocity range for 60-450 Hz frequencies.

2.5 Allowable Ground Vibration Levels

US Office of Surface Mining Reclamation and Enforcement (OSMRE) suggested
maximum allowable peak particle velocity limits for the distances from the blasting
site (Table 2.2). These criteria are included in US Code of Federal Regulations (CFR).

Table 2.2 Allowable peak particle velocity with respect to distances from the blasting site (Office of
Surface Mining Reclamation and Enforcement (OSM), 1983)

Distance from the blast Maximum allowable PPV, Scaled distance to be applied
site, m (ft) mm/s (in/sec) without seismic monitoring
0-92 (0-300) 31.75 (1.25) 50
92-1524 (301-5000) 25.40 (1.00) 55
>1524 (>5001) 19.05 (0.75) 65

However, given maximum allowable ground vibration limits do not take frequency
and type of structure into account and the tabulated limits are for engineered structures
built according to standards.
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It is necessary to consider the dominant ground vibration frequency and structure
vibrations in order to evaluate the effects of ground vibration on structures. Svinkin
(2015) stated that the primary objective of the subsequent USBM study was to prevent

the resonant horizontal house vibrations.

Table 2.3 shows the safe ground vibration levels for residential structures, a sudden
rise exists above 40 Hz frequency. Nevertheless, the limiting value 12.7 mm/s
suggested by Siskind et al. (1980b) is more appropriate to be cautious, since it is lower
than PPV values in Table 2.2 (19.05 mm/s or 25.40 mm/s) for the distances from the

blasting site.

Table 2.3 Safe ground vibration levels for residential structures (Siskind et al., 1980b)

Ground Vibration - PPV (mm/s)

Structure Type )
At low frequency (<40 Hz) At high frequency (>40 Hz)

Modern homes, Drywall interiors 19.05 50.80

Older Homes, Plaster on wood lath

construction for interior walls 12.70 50.80

USBM and US Office of Surface Mining Reclamation and Enforcement (OSM)
suggested an alternative criterion, which takes into account the frequency of ground
vibrations. Figure 2.17 is the graphical representation of these criteria. USBM values
were generated from surface coal mine blasting. Within the frequency range of 2.5-10
Hz, 12.7 mm/s and in the range of 40-100 Hz, 50.8 mm/s peak particle velocity is
allowable according to USBM. Despite this, US OSM proposed different ground
vibration levels, for 4-10 Hz frequency range 19.0 mm/s and for 30-100 Hz frequency
range 50.8 mm/s ground vibration is allowed. Moreover, Turkish Regulations
(tabulated in Table 2.4) proposed similar levels to US OSM regulations, allowable
ground vibration levels are 19.0 mm/s (for 4-10 Hz frequency range) and 50.0 mm/s
(for 30-100 Hz frequency range). These values assume that cosmetic cracking (hairline
cracks in plaster and shallow cracks) probability can be at most % 5. In other words,
these limits guarantee non-occurrence of even superficial cracks with % 95 probability
(Siskind et al., 1980b).
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Figure 2.17 Safe ground vibration level criteria from USBM RI 8507 and OSM surface coal mine
regulations; shaded area shows structural vibration velocity with amplification of 4.5 at resonance
(Siskind, 2000 and Svinkin, 2008)

Table 2.4 Turkish Regulations for safe ground vibration levels (Bilgin et al., 2014)

Vibration Frequency (Hz) Maximum Allowable Peak Particle Velocity (mm/s)
1 5
4-10 19
30-100 50

German DIN 4150 standard labels a structure as ‘damaged’ even when either
formation of superficial cracks in mortar and cement render or expansion of already
existing cracks or detachment of intermediate walls from support walls takes place. If
one of the aforementioned damage takes place without exceedance of allowable limits,
the reason maybe other causes (DIN 4150-3:1999-02, 1999). This standard is given
in Table 2.5 and combined version of USBM RI 8507 and DIN 4150-3 standards are
shown in Figure 2.18. Before EU Legislation 2002/49/EC became valid, DIN 4150-1
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German vibration standard, which is known as the most conservative standard, was
under action. This standard is intended not only to avoid structural damage but also to
reduce the human annoyance to a minimum and to eliminate the complaints, which are

known to occur at levels much lower than the damage levels (Siskind, 2000).

Table 2.5 DIN 4150-3 Vibration standards for structure types

Peak vibration velocity, mm/s

At foundation at a frequency of At upper
floors

All
frequencies

Group Type of Structure

<10Hz 10-50Hz 50-100 Hz

Buildings used for commercial purposes,
1 industrial buildings and buildings of similar 20 20-40 40-50
design
Dwellings and buildings of similar design 5 5.15 15-20 15
and/or use
Structures that because of their particular
sensitivity to vibration, do not correspond
3 to those listed in groups 1 or 2 and have 3 2-8 8-10
intrinsic value (e.g. buildings that are under
a preservation order)
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Figure 2.18 Vibration guidelines - USBM RI 8507 (solid line) compared to DIN 4150 (dashed line).
Group 1, Group 2, Group 3. From AASHTO Designation: R 8-96 (Svinkin, 2008)
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2.6 Human Response to Ground Vibrations

The reaction of human to blast-induced ground vibrations can sometimes be the most
decisive factor in ground vibration control. People are very sensitive to ground
vibration levels, far lower than the safe limits that will not cause any structural damage.
The ground vibration that can be perceived by people is around 1.5 mm/s. Human
response depends not only on the amplitude of the seismic wave but also on the
frequency and duration (Bilgin et al., 2015). Figure 2.19 shows human perception of
ground vibrations depending on the duration of the vibration (Siskind et al., 1980b).
Figure 2.20 shows the perception levels with respect to vibration duration (0.1-5.0

seconds) and the frequency range (4-25 Hz).
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Figure 2.19 Human response to vibrations of various durations, summary. ISO values are from
Standard 2631 (Siskind et al., 1980b)

This standard does not apply to people who are not directly exposed to vibration but
are exposed to the secondary effects of ground vibrations, such as window rattling,
noise from the skeleton of the building (creaking, crackling, etc.), movement of items

on the shelves. This standard is given in Table 2.6 and it shows the maximum
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permissible vibration limits for 1-second duration, transient (such as blasting)

vibrations. It is recommended to use lower limits for exposures more than one second.

5.0

Strongly
perceptible
e N i g W
g 10 S = e T
I -
Eﬂ -._‘\ ~——— -
SHEE S e i 4
8 Disticntly . i "-‘.-_::_ ..... -
ﬁ perceptible . e
>
m
-
I3} -
g ‘
A
Barely \‘.\
perceptible o
[ @ KEY o
[_ A 4Hz
O 9Hz 1
O 25Hz
0.01 P B A W | N T ——
0 5

i
DURATION, sec

Figure 2.20 Human response to transient vibration velocities of various durations (Siskind et al.,
1980b)

Table 2.6 The maximum vibration velocity tolerable by humans in buildings (American National
Standards Institute (ANSI S3.29), 1983)

Daily blast count 1 12 26

Dwelling (night) 0.20 mm/s 0.09 mm/s 0.07 mm/s
Dwelling (day) 12.70 mm/s 6.35 mm/s 4.30 mm/s
Office, workshop 18.00 mm/s 8.90 mm/s 6.10 mm/s

In order to prevent human disturbance American National Standards Institute
recommends 6.35 mm/s vibration limit for daytime blasts if the daily explosion count
is between 2-12. Allowable vibration velocity for explosions with frequency lower

than 10 Hz given by DIN 4150 standard provides a safer limit (5 mm/s).
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2.7 Allowable Air Blast Levels

As is known, airborne sound (air pressure) waves are one of the side effects that
detonation generates. In order to reduce the intensity of air shock in open pit mines,
the holes are filled with stemming material such as crushed rock after the explosive is
placed in the blasting holes and this is called stemming. It works like a plug, preventing
air shock and fly rock. However, presplitting practice generates high levels of air shock
due to lack of stemming in the holes as a result of the particular blasting technique
(Bilgin et al., 2015).

Frequently, ground vibrations are held responsible for structural vibrations which are
commonly the result of long distance air blast waves under favorable weather
conditions (Bilgin et al., 2015). Air shock is important for three reasons. First, the
audible part produces direct noise. Secondly, the inaudible part causes structural
motion by itself or with the ground vibration, which creates noise. Thirdly, it can break
window panes, but the air shock must be extraordinarily high for such situation (Bilgin
et al., 2015). There are four weighting systems for noise measurement. These are A-,
B-, C- and L-weighting. A, B and C weightings are designed to replicate the hearing
capability of the human ear at various intensities, they are for low, medium and high
sound pressure levels, respectively (Bender, 2006). Figure 2.21 shows attenuation
curves for these weighting systems and 0 dB line represents the linear (L-scale) sound

level.

It is not possible for humans to hear low-frequency sound waves; however, buildings
are mostly sensitive to low-frequency waves and the highest air pressures occur at
these inaudible frequencies (Bender, 2006). For this reason, in this research study,

noise measurements were made with L scale and unit is expressed as decibel (dB).
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Figure 2.21 Standard sound measurement weighting scales (Bender, 2006).

Air blast has low frequency and medium-high frequency components, mostly it is
below 2 Hz that is hard to be audible by humans (Siskind, 2000). However, in cases
of inadequate stemming and no stemming (presplit blasting), sudden and high
frequency (audible) air blast overpressure levels are generated (Bilgin et al., 2014).
Sub-audible air blast (infrasound) may give rise to audible response of the structures
(Richards, 2010). Turkish Regulations about allowable noise levels are proposed for
sources of sound other than blasting (Bilgin et al., 2014). OSM suggested maximum
allowable air blast levels for the given frequency limits as given in Table 2.7. Figure
2.22 shows air blast overpressure levels and their possible outcomes in terms of
structural damage and human response. Complaints are likely to occur at 117 dB level,
windows and dishes start to rattle. Annoyance and pain threshold level is 120 dB. No
structural damage level is 140 dB, where US OSM suggested lower air blast levels 129
dB or 133 dB. At 150 dB poorly mounted windows can break. At 180 dB level hairline
cracks at the plaster are observed.

Table 2.7 Allowable air blast levels for given frequency levels (Office of Surface Mining Reclamation
and Enforcement, 1983)

Lower frequency limit of measuring system, Hz Maximum air blast level, dB

0.1 Hz or lower -- flat response 134 peak
2 Hz or lower -- flat response 133 peak
6 Hz or lower -- flat response 129 peak
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Figure 2.22 Human and structural response to sound pressure levels (Ladegaard-Pedersen & Dally,

2.8 Previous Studies

In this chapter previous studies are reviewed which are mainly about ground vibration
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and air shock prediction by using different statistical methods.

Hudaverdi (2012) conducted a multivariate analysis for the prediction of blast induced
ground vibrations. In this respect an extensive blast database was created from the
blasts that was performed in a sandstone quarry. Blast design parameters and ground
vibration related parameters were considered to carry out multivariate analysis. Blast
data were classified into different groups according to similarities, for that purpose
cluster analysis was performed. Discriminant analysis was used to analyze group
memberships. Then, regression analysis was performed to generate prediction

equation for peak particle velocity for each group. Eventually, test blasts were

performed in order to validate the suggested equations.
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Dehghanin and Ataee-pour (2011) analyzed blast induced ground vibration by
including rock strength and blast design making use of ANN (artificial neural network)
and dimensional analysis. At first a 3 layer, feed forward back propogation neural
network with 9 input parameters and 25 hidden neurons was modeled. 116 datasets
were used to train the model and 17 datasets were used to check the performance of
the ANN model to predict ground vibration. And then, a sensitivity analysis was
conducted on the ANN model. Afterwards, dimensional analysis was performed on
the results of the sensitivity analysis of the ANN model in order to develop a new
formula. Results from the new formula were compared with the previous PPV
predictor equations on the basis of correlation coefficient and root mean square error
(RMSE).

Ak et al. (2009) in their studies presented the analyses of ground vibrations resulted
from bench blasting in an open pit mine. The objective of the study was to estimate
peak particle velocity and to determine the slope of the attenuation curve of the site.
To this end, blast design parameters and ground vibration components of 43 blast
datasets were used. The site constants were determined with regression analysis. After
statistical analysis, a relationship between PPV and scaled distance was established
with the USBM predictor equation. Maximum charge weight and scaled distance

graphs for different structures were proposed to perform controlled blasts.

Alipour and Ashtiani (2011) predicted maximum charge per delay by means of
conventional method (predictor equations) and ANFIS (Adaptive Neuro Fuzzy
Inference System) method using admissable PPV and distance between blast site and
monitoring point. ANFIS is a soft computing technique, which integrates the fuzzy
logic into neural network. It analyzes the relation between input and output in order to
determine optimum distribution of membership function. Input parameters were
distance and PPV, and the output parameter was charge quantity per delay. The
comparison between methods showed that, ANFIS model output gives better

correlation with the measurements compared to other methods.
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Mohamed (2011) analyzed the ground vibration and air shock using fuzzy logic,
artificial neural network (ANN) and regression analysis by incorporating maximum
charge per delay and the distance between blast and monitoring point as input
parameters. Square root scaling distance was used to derive PPV prediction model and
cube root scaling distance was used to derive dB prediction model. 136 datasets were
used to train the model, and 26 datasets were used to validate the model. Performance
of the models were assessed by using variance account for (VAF), root mean square
error (RMSE) and coefficient of determination indices. These indices showed that
fuzzy model has better prediction performance than ANN and regression analysis.

Singh and Singh (2005) in their studies predicted ground vibrations using ANN and
multi variate regression analysis. Then, the results were compared to the measured
field data. If high non-linearity is the case, statistical methods have some limitations.

Finally, ANN was found more accurate.

Khandelwal and Singh (2006) concentrated on the prediction of frequency and
amplitude of ground vibration with ANN and MVRA (multi variate regression
analysis). In order to verify the ANN model, the results were compared with MVRA
results. ANN model gave higher correlation coefficient than MVRA for predicted and
measured values of PPV and frequency. The performance of the models were
evaluated with the mean absolute percentage error (MAPE) and coefficient of
correlation between the predicted and observed values. MAPE, correlation coefficient
and number of predicted parameters showed that ANN is accurate for the prediction
of PPV and its frequency. Consequently, ANN has the superiority over MVRA

especially when variable number is too many.

Khandelwal and Singh (2007) concentrated on the estimation of blast induced ground

vibrations at a magnesite mine. Blasting records were used to calculate amount of

explosive to minimize ground vibrations. Charge mass and PPV parameters were

recorded for 150 blast datasets. At first these datasets were used to predict site

constants for widely used ground vibration predictor equations (USBM, Ambraseys—
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Hendron, Langefors—Kihlstrom, Indian Standard Predictor equations). And then,
another 20 blast datasets were utilized and analyzed with ground vibration predictors
to estimate PPV. Calculated vibration levels from these predictors were compared with
actual field data. The same datasets were also used for the prediction by ANN. All of
the vibration predictors gave a very poor correlation between calculated and measured

ground vibrations. However, ANN provided a high degree of correlation.

Khandelwal and Singh (2009) evaluated ground vibrations and frequency of ground
vibrations using ANN by incorporating rock properties, blast design and explosive
parameters and distance to monitoring point from the blast face as input parameters.
Rock samples were used in order to determine poisson’s ratio, blastability index, P-
wave velocity and Young’s modulus. Same datasets were used to predict PPV from
commonly used vibration predictors and MVRA. Results were compared on the basis
of coefficient of determination and mean absolute error (MAE) between monitored
and predicted values of PPV and frequency. Prediction of ANN model was closer to
measured data, whereas prediction from MVRA and predictor equations had wide

variation.

Figne et al. (2011) compared the performance of Fuzzy logic and classical regression
analysis for the prediction of PPV. For that purpose VAF and RMSE performance

indexes were used to assess the performance of the models.

Konya & Konya (2015) focused on the air overpressure in the near field. Major
construction projects were analyzed in order to designate new air overpressure
propagation equations for construction blasting. Then these new prediction equations
were used to compare calculated results analyzed from field data with other existing
air overpressure prediction equations. Production blasting and presplit blasting were

studied separately in order to compare air overpressure levels.

Konya et al. (2000) pointed out proper stemming is crucial to make sure that gas
confinement is conserved and intensity of the blasting is reduced. In this study, the
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design criteria for stemming amounts were determined by trial and error. There are
several approaches to define stemming depths; some operators use stemming depths
equal to the burden distance, while others use 50%, 70%, 85% of the burden distance
(Konya et al., 2000). Proper burden distance changes with rock type, harder rocks need
smaller burdens and short stemming (Konya et al., 2000).

Burgher (2000) conducted small-scale test shots to determine when the meteorological
conditions favour the air blast overpressure levels. For this purpose, 205 test shots were
performed and the overpressure levels, meteorological and topographical data were

collected. A site-specific empirical equation was developed with SPSS regression.

Kopp (2000) focused on two objectives. First objective of the study was to analyze the
effect of orientation of the blasting on vibration levels. For this reason, four directions
were taken into consideration and regression analysis was done for each direction.
Then, one-way analysis of variance test conducted to designate the significance of
blast parameter in the study. Second objective was to determine the effects of varying
blasthole delay intervals on air blast and ground vibrations. Because, both the
amplitude and the frequency of vibrations are important for preventing the damage.

For this purpose, 52 production blasts were monitored at a surface coal mine.

Richards and Moore (2009b) established a real-time system in order to predict the
effects of meteorology on air blast overpressure levels. Real time meteorological data
and a predictive meteorological model were the inputs to an atmospheric refraction
model that allows the interpretation of the effect of meteorological conditions on air
blast overpressure levels. The model enables to decide the suitable times for blasting
not to exceed the allowable air blast level.

Richards (2010) focused on elliptical air blast overpressure model in order to assess

air blast levels surrounding the blast site. For this purpose, air blast levels were

measured and predicted at one or more positions. This model yields decibel contour

plans that can be superimposed on plans or air photos of the site. It was found that the
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elliptical air blast overpressure model allows to determine air blast levels more
accurately than cube root scaling methods. However, when delay sequence,
topographic shielding or meteorological conditions have significant effect, their effect

must be evaluated and added to the value from the elliptical air blast model.

Kima and Lee (2000) analyzed various ground vibrations caused by train loading,
blasting, friction pile driving, and hydraulic hammer compaction by making use of 3D
geophones inside the borehole and on the ground surface. Propagation and attenuation
characteristics of these vibrations were investigated by examining source
characteristics and geotechnical properties. With the purpose of geometric modeling
of different types of vibrations, source types, and their induced waves were identified,

and the geometric damping coefficients were determined.

Wu and Hao (2005) analyzed the simultaneous effect of ground shock and air blast
overpressure on structural response and damage. Parametric numerical simulations of
surface explosions were performed, moreover, time lag between ground shock and air
blast overpressure was determined. Finally, empirical expressions of air blast-time
history were derived as a function of charge weight, distance to structure, structure
height, ground shock-time history spectral density function, envelope function and

duration; which can be used in structural response analysis to surface explosions.

Alcudia and Stewart (2008) combined air blast and seismic data to reduce the air shock
related noise from seismic records. The basic concept behind this method is the design
of non-stationary filter in the time-frequency domain. A type of localized Fourier
transform was developed by using Gabor transform in the time-frequency domain. A
mask function was generated from Gabor spectrum by applying a threshold to Gabor
coefficients. Then multiplying the geophone Gabor spectrum with the mask function
cancels the air blast component in the seismic signal. As, the highest noise levels were

from air blast, the method enabled the removal of air blast induced seismic signals.
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Hongmian and Jing (2010) analyzed five different blast waves obtained from weapon
air blast tests. In this study, digital filtering and wavelet denoising methods were used
to remove vibration signals overlapping with shock wave signals. And, in order to
search for the best fitting curve for time and pressure relationship, least square method

was used.

Colombero et al. (2015) analyzed the attenuation of peak particle velocity with
distance generated from drop load tests using finite element analysis. Velocity-time
recordings attained at various distances from the drop load were compared to
computed velocity-time histories. These computations were carried out by modelling

the layered soil profile and simulating the drop load.

Casarotti et al. (2007) focused on seismic wave propagation with spectral element
method in complex geological models by using CUBIT to form an advanced 3D
unstructured hexahedral mesh. They provided tools to understand the effect of surface

topography and subsurface structures on seismic phenomena.
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CHAPTER 3

GEOLOGICAL SETTING OF THESTUDY AREA

3.1 Regional Geology

The Kisladag deposit is situated in a mid- to late-tertiary volcanic complex in western
Turkey, related to subduction along the Hellenic Trench (Juras et al., 2010). In the
area, these volcanics erupted onto schist-gneiss basement at the northeast border of an
uplifted terrain known as the Menderes Massif. The lithologies of the project area can

be seen in Figure 3.1.

AREA ] DESCRIPTIONS

| LITHOLOGICAL UNITS
Alluviums

az81003

| Young Alluviums
0ld Alluviums
Bl Travertine
. [0 Kulavolcanics
Asartepe Formation
Ulubey Formation

Quaternary
Beydagi Volcanics

e

Volcanic Lava Flows
Tuffs and Agglomerates
B siiicified Rocks
Gedikler Member
Balciklidere Member

=i

ydagl Volcanics

|2
“zcdes !

ics | Ahmetier Fm| B

] Werdivelikuyu Member
£ | I rnyodacitic Flows

2

s | I Rroyodacitic Tufts

2 Trachyandesite-andesitic flows,
3 s and agglomerates

& | I LevaFiows

Yenikoy Formation

Miocene

2265000

Kurtkoyu Formation
425000}
Musadagi Limestones

I Guneviovu Formation

Esme Formation

” mu!lin‘ Hacibekir Group Inay Group

| s

S @ia, .. N

G 3
= o TN opts i
‘ | ;hﬂ‘rwim e
szs000) } b o > NPAL '~ 1 Ga l\)/ql‘: s W E

Cond aur o ) { ®
t | Regional Main Faults S

[T 1R7302 License Area

4243008

4 REGIONAL GEOLOGY OF
4 H KISLADAG AREA
]

4240000 e
S e e

100589
, €000
010060
010502,
z

Figure 3.1 Kisladag regional geology (Yazicigil et al., 2000)

The topography of the project area is composed of valleys with 900 m elevation and
hills with 1100 m elevation above sea level. This topography is the result of erosion of
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the plateau which is generated from metamorphic rocks at the bottom; the lacustrine
limestones and volcanic rocks with lateral transitions at the top. Topographically

higher sections are generally represented by volcanic rock formations.

The region includes, peneplain plains developed on metamorphic foundation in the
west, plateaus of Neogene sedimentary rocks in horizontal position in the east and
large volcanic cones in the middle among them. The volcanic plateaus are located in
Eskisaray, Cardak and Karabol villages in the north east and in the vicinity of
Akgakoy, Guimiiskol, Kislakdy, Gedikler, Ahmetler and Kolankaya in the central part
(YYazicigil et al., 2000).

The most significant feature of the local morphology, which is well preserved and
easily detectable in satellite images, is the Kisladag Volcanic Complex. This structure
consists of two volcanic cones approximately in the direction of the Northeast-
Southwest. Beydag1 volcanic cone is located in the Southwest and Kisla volcanic cone
is located in the Northeast. Dimensions of the volcanic complex are about 10 km to 9
km. When going out of the volcanic cone, the volcanic outcrops on the sides of the

volcano are crossed with Neogene lacustrine limestones and shales.

3.1.1 Pre-Tertiary Rocks

The basic rock that forms the foundation of the project region is the northeast extension
of Menderes Crystalline Massif which composes the main rock of Aegen region.
Within the Menderes metamorphic complex there are three main formations (Ercan et
al., 1978). These units are Giineykoyii Formation, Esme Formation, and Musadagi

Marbles.
3.1.1.1 Giineykdyl Formation

The unit consists of granitic gneisses and aplitic, quartz dykes crossing them (Ercan et
al., 1978). It is accepted that granitic gneisses with lateral and vertical transitions with

ocular gneiss constitute the core of Menderes Massif. The age of the Guneykdyl
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formation is Paleozoic and/or Precambrian, and it has been outcropped around the

Bozlar Village in the west of the project area.

3.1.1.2 Esme Formation

Esme formation outcrops at the West and Southeast parts of the project area (Ercan et
al., 1978). The formation starts with ocular gneiss at the bottom and continues upwards
with small crystalline gneisses, sericitic schists and finally calcschists and marbles. It
is accepted that the schists overlie the granitic gneiss core. The age of the formation is
mapped as Precambrian. Esme formation is mainly seen in Esme village and its West

along with East of Ilyasli town and outcrops at far Southeast of Ulubey village.

3.1.1.3 Musadagi Marbles

Local outcrops of marble are seen along the Banaz Creek Valley in the South of
Ulubey. They are formed of white light gray metamorphic dolomitic limestones. The
marbles are with coarse crystals and contain black bands and diasporite lenses in places
have more than 150 m thickness. Karstic structures and voids increase the storage
properties of marbles and give them an aquifer property. The age of the marbles is

considered Permian-Triassic (Ercan et al., 1978).

3.1.2 Tertiary Rocks

Tertiary Rocks include Hacibekir and Inay Groups (Ercan et al., 1978).
3.1.2.1 Hacibekir Group

Hacibekir group includes Kiirtkoyli Formation, Yenikdy Formation and Karaboldere

Volcanics.

3.1.2.1.1 KURTKOYU FORMATION

Kiirtkdyii formation locally outcrops at the East of ilyasli town and the North Yesildere
village. The formation consists of conglomerates and sandstones. The components of
the conglomerates are poorly sized, semi-angular, and semi-round. The formation

contains deposits of cone sediments formed in Early Miocene (Ercan et al., 1978).
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3.1.2.1.2 YENIKOY FORMATION

Local outcrops of Yenikdy Formation can be seen between Karaagac - Eskisaray -
Kayagil villages in the north of the project area. It consists of multi-component
conglomerate, sandstone, clayey and sandy limestone, and tuffite alternation. The unit
is formed in the stream environment. Groundwater is not a problem due to both the
formation of the clay component and the limited occurrence of the cliffs. The age of

the formation is considered to be Miocene (Ercan et al., 1978).

3.1.2.1.3 KARABOLDERE VOLCANICS

It is composed of Rhyodacite, tephritic lavas, tuff, and agglomerates with
trachyandesite character. The presence of volcanic rocks is partly acidic and partly
basic is an indication of multi-stage formation (Ercan et al., 1978). It outcrops at
Northwest of Karabol village, north and southeast of Ilyasli town, north of Akkegili

village and near Kayagil village.

3.1.2.2 Inay Group

The main rocks forming the group are Ahmetler Formation, Beydagi Volcanics, and

Ulubey Formation from oldest to youngest.

3.1.2.2.1 AHMETLER FORMATION

It is composed of three groups; Merdivenlikuyu member, Balg¢iklidere member, and

Gedikler members (Ercan et al., 1978).

3.1.2.2.1.1 Merdivenlikuyu member

The unit is composed of obscure bedded old slope debris, usually formed from angular
blocks, derived from metamorphic basement rocks. The survey area has very small
outcrops approximately with 60 m thickness. The age of the unit is assumed to be
Upper Miocene. Outcrops have been exposed in between Merdivenli, Adatepe,

Gonculer villages, and Southeast of Gonculer villages (Ercan et al., 1978).
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3.1.2.2.1.2 Balcikhidere member

It commonly outcrops at West and South of Giire and Southwest of Inay. It is also
observed at Kumsiiren and Deredamu river valleys. The member consists of alternating
conglomerates, sandstones, marls, and limestones, which are usually deposited in the
stream environment. The thickness of this member is less than 200 meters. The rock
units are white, light gray, yellowish, bluish and greenish. It is usually layered
horizontally or close to the horizontal. The coarse-grained units are at the bottom and
the grain size diminishes upward. The tuff levels within the unit are products of

Beydag1 volcanics (Ercan et al., 1978).

3.1.2.2.1.3 Gedikler member

It outcops in the vicinity of Ahmetler and Gedikler. The unit, which is composed of
alternating light yellow, light green, gray siltstone, claystone and tuffite,
approximately 60 meters thick, conformably covers Balgiklidere member. In places,
5-10 cm thick bituminous units and 2-3 cm thick gypsum bands alternates with fine
grained clastic units. Lapilli and ash size Beydagi volcanics in the stack form tuffite
levels. The volcano bombs and blocks inside the member are proof that the age of the

unit is the same as Beydagi volcanics (Ercan et al., 1978).

3.1.2.2.2 BEYDAGI VOLCANICS

It is known that Miocene aged latite, latitic-andesite, and traki-andesitic composition
contributes to lower levels of Ahmetler Formation and Ulubey Formation. Volcanic
structure comes into prominence with two volcanic centers; Ahmetler village in the
South and Kisladag Hill in the North. Beydagi volcanics are composed of purple to
pinkish lava flows and agglomerates and whitish-yellowish tuffs with altered silicified
and calcified rocks of these units. It is very common in Usak and in the central part of

the study area (Ercan et al., 1978).

3.1.2.2.3 ULUBEY FORMATION

It is the most common rock unit in the project area. It is exposed in large areas in Usak,

Ulubey, Inay, Siiliimenli, Narli and Giire and covers the Ahmetler Formation. It is
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usually composed of lacustrine limestones. The formation starts with alternation of
siltstone, claystone, marl and clayey limestone and continues with pinkish and grayish
lacustrine limestones. There are thin sandstone and conglomerate levels in the
limestones. The most beautiful faces of the Ulubey formation are seen in the canyon
formed by the Yavu stream. Here, about 150 m thick limestone and clayey limestone

and/or marl alternation can be observed continuously (Ercan et al., 1978).

The limestones are medium-thick bedded, very porous, irregular, cracked, karstic, and
locally silicic. Lithological features and fossil content indicate that the formation
precipitated in the lacustrine environment. Concretions in some places indicate a

turbulent environment (Ercan et al., 1978).

3.1.3 Quaternary aged rocks

The Quaternary units include Asartepe Formation, Kula Volcanics, travertines, and

sediment cone sediments.

3.1.3.1 Asartepe Formation

There are different crop outs belonging to Asartepe formation in the project area. The
widest outcrops are located in the vicinity of Esme. The formation covers the older
rocks unconformably. It is horizontal or slightly inclined. It is composed of weak
cemented red, brown, dirty yellow, dirty white, medium - thick bedded conglomerate,

sandstone, siltstone alternation. It contains marl and claystone in places.

Grains of conglomerate are generally derived from metamorphic rocks. The grains are
well rounded and semi-angular. The matrix of conglomerate is composed of sand, silt

and clay sized granules.
Tile - colored sandstones and siltstones are usually thin - medium bedded and loosely

cemented. Between the sandstone and siltstone layers there are white marls and

carbonate-rich lenses in places. It is considered it was formed in the stream
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environment of Asartepe Formation during Upper Pliocene - Lower Quaternary (Ercan
etal., 1978).

3.1.3.2 Kula Volcanics

They represent the youngest volcanic activity of the region. It is made up of dark
colored basalt lavas and tuffs. Basalt lavas are the first products of volcanic activity
and tuffs are the last products. They are not very common in the field of investigation.
They are exposed at a small area at the West-Northwest of Ciftlik Village (Ercan et
al., 1978).

3.1.3.3 Travertines

They are associated with fault controlled thermal sources. The main rocks are gneisses
and the volcanites are the heat source. It is not observed around the project site in a
regional sense, only a small area was exposed near Hamam Village in the far South of

the project area (Ercan et al., 1978).
3.1.3.4 Terrace Deposits (Old Alluvium)

They are formed by Gediz River and Banaz Stream. They are shown as old alluvials
on the map (Figure 3.1) and comprised of loose cemented gravel, sand and silt. Their
thickness is less than 40 meters. Despite the boundaries of the presented map, they are
exposed in large areas around the Gediz River and the Banaz Creek, but they are
exposed in small areas around the project site and near Ilyasli, Inay and Konak (Ercan

etal., 1978).
3.1.3.5 Deposition Cone Deposits, Colloids and Alluviums

Depositional sediments are not very common. Alluviums formed in river beds and
mapped as the newest alluvial unit which contains pebbles, sand, silt and clay (Ercan
etal., 1978).

3.2 Kisladag Gold Mine Geology

Kisladag Gold Mine is formed buried in either the intrusive, extrusive and Pre-

Cretaceous aged basement schists and gneisses of the Menderes Metamorphic
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Complex or within the overlying volcanoclastic rocks of the eroded Eocene
stratovolcano (Orhan, 2004). The volcanic rocks and intrusive rocks of Kisladag
extend to the outside of the mine boundaries and extend to Beydag1 Volcanic Unit. As
moving away from the volcanic centers, the Beydagi volcanic rocks pass partly to the
clastic sedimentary rocks of the Ahmetler formation and Ulubey lacustrine limestones
of the same age. Rocks belonging to Beydagi Volcanic Sequence are exposed at
Gumiugkol Village, Micanlar Neighborhood, Katrancilar and Karapinar
Neighborhood, which are located in the vicinity of the mine. Almost everywhere,
except for the places where the rocks are exposed, there is at least 0.2-0.4 m of light
brown soil. The depth of the soil reaches to 1.0-1.50 m in places, and it is rarely higher

in the agricultural areas.

Most of the volcanic rocks of Beydagi Volcanic Unit are porphyritic and include
phenocrystal plagioclase, K-feldspar, biotite, hornblende and occasionally quartz
minerals. It is likely that it is in a narrow compositional range in the comagmatic
environment, and petrological studies show that they have latite composition (Lewis
Geoscience Services Inc., 2002). In previous studies these volcanics were determined

to be andesitic and have latitic composition in the study area (Orhan, 2004).

To the north of the mine, massive, flow-banded latite flows with quartz rarely occur.
It is found in discontinuous masses of several meters in thickness, successively
stratified by clastic rocks. To the south of the mine (towards Giimiiskol Village)
massive porphyritic latite flows of quartz show 10-20 m thickness in volcanoclastic
rocks (Orhan, 2004).

To summarize, the main rock units are latitic, massive or flow banded, non-
quartziferous or quartziferous flows, volcanic breccia, stratified tuffite and epiclastic
rocks, volcanic conglomerates, fine-grained tuffs, lapilli tuffs or tuffy siltstone. The
neighboring settlements are usually located on the Beydagi Volcanic Units (Orhan,

2004).
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The rocks belonging to the Kisladag Gold Mine area are composed of extrusive and
intrusive rocks of Beydagi Volcanic Unit and stratovolcanics resulting from erosion of
these rocks together with Menderes metamorphic rocks which are base rocks in the
region. Miocene old intrusive rocks are composed of schist and gneiss and buried in
the Paleozoic old rocks which are called the Menderes Massif. Although the rocks of
the Menderes massif are basement rocks and covered with a very thick volcanic cover,
they are exposed at the north of the project area in the form of windows and heads due
to erosion (Kisladag Altin Madeni, 2013).

Volcanic and intrusive rocks of Kisladag are spreading out of the mine area. As moved
away from the stack, the Beydagi volcanics show a transition to the lacustrine
limestones and the clastic sedimentary rocks belonging to the Ulubey and Ahmetler
Formations (Kisladag Altin Madeni, 2013).

Several different volcanic activities in the area, as well as the overlap of
volcanoclastics in different stacks, resulted in a very complicated volcanostratigraphic
structure. Figure 3.2 shows mine site geology. Figure 3.3 and Figure 3.4 show the
profiles of A-A" and B-B' cross sections through the deposit which are indicated in
Figure 3.2. The volcanic stratigraphy of the region is a mixture of fine-grained
crystalline tuffs, eruption and flow breccia and sub-volcanic intrusives. Six rock units
are defined in the mine area. These units are stacked in the following order, from top
to bottom (Lewis Geoscience Services Inc., 2002).

1) Breccia - Porphyritic, latitic clastics (PBb),

2) Porphyritic, Latitic lava flows (PBF),

3) Breccia, tuff, sandstone, claystone volcanoclastics (PBvc),

4) Porphyritic, Quartz-Latitic lava flows (PBQ),

5) Porphyritic, Latitic intrusions (PBi),

6) Monolithologic volcanic conglomerates (PBcg).

Porphyritic, latitic intrusions (PBi) are divided into four sub-units (Juras et al., 2010)
(see Figure 3.2).
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1- Coarse size porphyritic primary intrusive rocks (PBil) formed before the
mineralization; this rock has undergone a hydrothermal alteration on a scale that
occupies very dense and wide areas and at the same time has been exposed to a gold
mineralization which is roughly uniformly distributed throughout the rock. The
alteration from the initial potassic phase later influenced the initial potassic alteration
of secondary and tertiary phases as quartz - tourmaline and very advanced argillic

(clay) alteration.

2- Secondary intrusive rock (PBi2) with a medium-size but almost identical
composition formed simultaneously with ore yield; this rock has undergone potassic
alteration like the primary intrusive and quartz - tourmaline and argillic alteration in
weakly graded and confined areas. The secondary intrusive rock itself was formed in
two phases as PBi2 and PBi2A, and PBi2A is exposed to a stronger kaolinitic clay
alteration and the gold grade is slightly lower than PBi2.

3-Tertiary intrusive rock (PBi3) with fine-medium grain size and same mineralogical
composition after mineralization; unlike the first two intrusive rocks, this rock has
undergone a weak alteration that is somewhat propylated and somewhat fresh. The
rock has a distinctive alteration which can be distinguished macroscopically-naked

eye.

4- Tourmaline matrix intrusive breccia (PBib); It is a structural element in the typical
breccia character formed by angular, semi-rounded block and/or fine millimetric

granular particles of after mineralization and pre-existing intrusive rocks.
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3.3 Structural Geology

The deposit lies within the core of a Miocene stratovolcano complex which has gone
under slight structural alteration. Lithologic contacts in the region are basically
intrusive or depositional and do not include any mappable fault offsets. The most
prominent feature at the site is a northeast-striking sub-vertical fault at the east part of
the deposit and concluded from the existence of silicified ridges on surfaces and
distinct difference in gold grade and intrusive phases at that part of the deposit (Juras
et al., 2010).

Variation related to this property can be detected from south of the deposit into the
waste dump area. Bedding slopes are low to moderate. Mostly the strata replicate the
probable shape of the actual stratovolcano which dips away from the deposit. Slopes
do not show induced inclination on the contrary they display mainly the depositional
dips (Juras et al., 2010).

The deposit and neighboring rocks involve many low-displacement brittle
discontinuities, however, there are no major faults. Most of the detectable
discontinuities are classified as joints (stationary sub-parallel fractures) and low-
displacement faults (centimeters to decimeters range displacement magnitudes) and

have continuity limited to a maximum of few tens of meters (Juras et al., 2010).

The most continuous faults apparent in the pit are steeply dipping sub-vertical East-
West striking faults which are passing through a passage along the pit center. Intrusion
1 is parallel to these faults and dyke-shaped part of Intrusion 3 is situated across the
western part of this fault corridor. All these characteristics jointly indicate that the
deposit and intrusions are confined along the East-West fault zone, proof for which is

widely destroyed by intrusions and related hydrothermal activity (Juras et al., 2010).

Various joint sets are pervasive in pit exposures and are distinguished by orientation

data obtained from oriented drill core. Joints widely take place in orientation specific
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clusters or structural passages, though they do not show radial or concentric orientation
dispersions in the region. NNE striking joints steeply dipping towards West constitute
the most ubiquitous set in the pit, which dominates the structural attribute of the
Eastern third part of the pit (Juras et al., 2010). Figure 3.5 shows stereographic

projection of mentioned discontinuities (faults and joint) within the pit cone.
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Figure 3.5 Discontinuity mapping of the pit cone (Rocscience Dips version 7)

3.4 Deposit Type

Juras et al. (2010) stated that; “The Kisladag deposit consists of porphyry-style gold
mineralization centered on a series of overlapping sub-volcanic intrusives of quartz-

syenite to quartz-monzonite composition.”
In the feasibility report prepared by HATCH (2003) it is indicated that; “A lesser

amount of mineralization is hosted by subaerial volcanics, which surround and

partially overlap the mineralized intrusives along their southern and eastern margins.”
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Geological consultant Richard Sillitoe concluded in his report that after his visit in
2000; “Kisladag is confirmed to be a true porphyry gold deposit, albeit possessing
several distinctive geological features. These include the paucity of quartz veinlets, the
dominance of molybdenum over copper and the exceptionally high gold values. The
deposit is centred on a steep, multiphase latite porphyry intrusion of alkaline
affiliation. Younger intrusive phases were emplaced progressively nearer the centre of
the stock and are characterized by increasingly weaker alteration of lower gold

contents. The centrally positioned late-mineral phase is essentially barren.”
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CHAPTER 4

FIELD STUDIES AND DATA COLLECTION

On the basis of the inquiry made by Tiprag Metal Mining Company to assess the
vibration and airblast levels in the surrounding settlements of the mine, investigations
were carried out in Giimiiskol, Karapinar, and Katrancilar villages. The measurement
stations are placed on four main cross sections towards the villages surrounding the
mine (Figure 4.1). These monitoring paths are named as KP (Karapimnar), KT
(Katrancilar), and GK (Gilimiiskol path 1 and path 2). Toward Giimiiskol, two paths
were chosen in order to investigate the effect of topographical shielding along
Giimiiskol Path 2. The coordinates of the monitoring stations are given in Appendix A
and cross sections of monitoring paths are given in Appendix C.

All blasting operations in mine are conducted during daytime and usually more than
one blasting, daily. A total number of 521 ground vibration records (from production
blasts) and 180 air blast records (from presplit blasts) were obtained at the data
collection stage. Table 4.1 shows the distribution of the collected data for each village.
During monitoring stage of the investigation, the number of presplit blasts recorded in
Karapinar, Katrancilar, Giimiiskol path 1 and Glimiiskol path 2 monitoring paths are
56, 58, 34, 32, respectively. In addition, the number of production blasts recorded are
147,167, 127, 80 in the same order.

Table 4.1 Distribution of collected data

Cross-section Name Presplit blast Production blast
Gilimiigkol Path 1 34 127

Gilimiiskol Path 2 32 80

Karapinar 56 147

Katrancilar 58 167
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The measurements were classified and analyzed in detail to provide a guidance for

future blasts and to evaluate environmental impacts. Safe explosive amounts that can

be blasted per delay were calculated from the propagation laws on four paths obtained

with regression analyses.
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Figure 4.1 Monitoring paths and stations

The data collected from field studies are;

1) Air overpressure level
2) Ground vibration level

3) Maximum instantaneous charge
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4) Distance between monitoring station and blasting location
5) Average air temperature

6) Wind speed and direction

Blast pattern and the coordinates of the blast holes for each operation were provided
daily by the blasting team of the company.

4.1 Blasting Practices

In this study, production blasts and presplit blasts were investigated separately in terms
of ground vibration and air shock because of their different loading and stemming
characteristics. For presplit blasting, less amount of charge is loaded compared to
production blasting and no stemming is carried out to get a clean break at the boundary
of the blast holes. These specifications lead to low ground vibration and comparatively
higher air blast levels. Whereas, in production blasting the case is the opposite, and

thus lower air blast and higher ground vibration levels are measured.

Ground vibration analyses were conducted only on the data collected from production
blasts. Whereas, air shock analyses were performed both for presplit and production
blasts. When calculating maximum instantaneous charge for presplit and production
blasts, great care has to be given. For presplit blasts the total amount of explosives
should be used for scaled distance calculation because all the blast holes are detonated
at the same time. Whereas, for production blasts the amount of explosive from blast
holes detonated at the same time was calculated with JKSimBlast software. The
distance between monitoring station and blasting is calculated from the nearest blast

hole exploding at the same time.

4.1.1 Presplit Blasting

Presplit blasting is a method that is introducing a separating face between the rock to
be blasted and stationary rock. That face optimizes the breakage effect of blasts and
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prevents the propagation of stresses through the back wall and hinder over break
(Berta, 1990).

All shots are fired simultaneously if possible. If this is not the case, micro delays are
used. The general energy balance formula could not be applied to presplitting, since
the energy transmission to the rock is different from that in production blasting (Berta,
1990). The reason is that no energy is consumed for rock breakage and displacement
(Berta, 1990). Presplitting technique uses;

1) A row of very closely spaced holes, through the excavation perimeter

2) Decoupled charges (that means the explosive does not fill the borehole).

In order to increase slope stability and to create stable benches after blasting, presplit
blasting is carried out before production blasting. Therefore, one can think presplit
blasts create a faulty structure in the rock which results in lower ground vibrations
from production blasts than the ground vibrations from production blasts without

presplitting practice.

In Kisladag Gold Mine, angled holes are drilled in a single row for presplitting
operations. Generally, 30 holes are blasted at the same time and between each 30-hole

group, 25 ms or 67 ms delay is used (Figure 4.2).

30 holes 30 holes
A A

000000000000 00000000O0O0OOOOOOOOO OOOOOOOOOOOO0OOO0OO0O0O0OO0OO0O0O0O0O0O00

Figure 4.2 Presplitting hole pattern

Presplit blast holes are drilled with 95 mm diameter, 10 m depth and 1 m spacing. For
presplit blast holes decoupled charging is satisfied by partially loading the blast holes.
Decoupled charging with no stemming used for presplit blasts results in higher air blast

levels compared to production blasts. These holes are loaded with detonating cord
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(with 10 gr/m explosive) and dynamite cartridges (approximately 8 kg dynamite per
hole).

4.1.2 Production Blasting

The pit is formed of regular benches with 10 m bench height. Usually 165 mm and
rarely 152 mm diameter holes are drilled in a certain order for stripping blasts to
remove the overburden covering the ore and for production blasts to obtain the ore.
Burden x hole spacing are; 4.8 m x 6.2 m for stripping of overburden, 45 mx 5.2 m
for production blasts of ore which is crushed before spreaded over leach pad and 3.6
m x 4.1 m for production blasts of ore which is directly spreaded over leach pad
without crushing. Number of blast holes depends on panel dimensions, they are at least
40-50 and at most 300-320. For initiation of blast holes; non-electric millisecond (ms)
delayed in-hole and surface capsules are used for stripping and production blasts.
Whole in-hole capsules have 500 ms delay time. An example for delay firing pattern
Is given in Figure 4.3, delay periods between holes in the same row are 25 ms and 67
ms between the rows. The first hole in the second row explodes at 634" ms and the

fourth hole in the first row detonates at 642" ms.

With that technique a minimum of 8 ms delay is provided between blast holes and each
hole is ensured to detonate at a different time. The main purpose of that practice is to
control vibration by restricting the explosive amount blasted at the same time. There
is no specific hole pattern for production blasting. Delay intervals within rows are 25
ms and between rows are 67 ms, generally. Lately, 109 ms delay intervals within rows
and 67 ms between rows are started to be used to provide more efficient vibration

control.

The main charge, ANFO with a density of 0.8 kg/dm?, is used in dry holes, and
emulsion type water resistant blasting agent with a density of 1.20 kg/dm? is used in
wet holes. Hole depths are changing between 10.8 and 11.0 m. Charge height is 6.5-
7.5 m for dry holes and 6.0-7.0 m for wet holes. Stemming length is 3.5-4.0 m. Linear
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charge density (concentration) for blast holes are around 17.10 kg/m for ANFO and
25.65 kg/m for emulsion. Based on this information it can be said that 110-125 kg
ANFO is used in dry holes and 154-180 kg emulsion is used in wet holes. For blast
groups with large number of blast holes when the delay time between two holes less
than or equal to 8 ms, 2 or 3 blast holes may detonate practically at the same time and

the maximum instantaneous charge increases.
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Figure 4.3 Initiation pattern using 25 ms in row and 67 ms inter row delay periods

4.2 Technical Features of Buildings

The damage possibility of the buildings resulting from ground vibrations and air shock
depends on blasting characteristics as well as on the technical features of the buildings.
In other words, depending on the technical specifications, the level of vibration and air
shock that each building can tolerate without damage is different. For this reason, at
the beginning of the research, the nearest settlements were visited, and the existing

structures were investigated from the technical point of view. The settlement units
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examined are Glimiiskol Village, Micanlar Quarter of this village and Karapinar and

Katrancilar Villages.

Structures in the settlements are usually one or two-story buildings. The foundations
and walls of the buildings are mostly made of rubble stone using mud mortar (Figure
4.4, Figure 4.5a). Dimension stones were used at the corners of some buildings (Figure
4.4, Figure 4.5a). Some of the structures are mixed and masonry structures since stone
and brick were used simultaneously for construction. A close view of the rubble stone
and mud mortar wall is given in Figure 4.5b. As is known, mud mortar has no tensile
strength. In order to eliminate this drawback and to prevent damage due to foundation
settlement or to strengthen the building against earthquake usually wooden beams are
used at different levels of the wall. However wooden beams are rarely used at the wall

of the buildings in investigated residential areas.

Figure 4.4 Mud mortared rubble stone building in Giimiiskol Village (Bilgin et al., 2015)

In single-story buildings, the wooden beam is used only above the walls for ceiling
construction (Figure 4.4, Figure 4.5a). Since the majority of structures have walls with
no tensile strength, this has to be taken into account in ground vibration analysis. As a

result of the lack of beams on the walls, there were pre-existing damages (not
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originating from explosions) in some buildings due to weak foundation, foundation

settlement or water seepage into foundation.

In the residential areas, lime mortared brick walled, and/or reinforced concrete
structures are seen in small numbers in comparison to mud-mortared rubble stone
buildings (Figure 4.6). However, none of these buildings are engineered structures,
they were constructed by local craftsmen. In Figure 4.7, there is a two story (ground +
first floor) structure built with mud mortar rubble stone from Giimiiskol Village,
Micanlar District. Probable reasons of damages of first floor walls might be inadequate
strength in the foundation of the building, in the ground floor walls or water seepage
into the foundation, deformation caused by stretching or bending of the first-floor

wooden flooring.

Figure 4.5 a) Mud mortared building in Katrancilar village constructed in 1945, b) A close view of the
rubble stone and mud mortar wall (Bilgin et al., 2015).
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Figure 4.6 Various structure types: mud mortared rubble stone building on the right, lime mortared
brick walls and reinforced concrete structures in the middle and on the left (Bilgin et al., 2015).

2i7/03/2015 12:47 PM

Figure 4.7 Two-story, mud mortared rubble stone building belonging to Sami Yildirim (Bilgin et al.,
2015)
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In Figure 4.8, the house of Sami Yildirim built with mud mortar-rubble stones and the
first-floor wooden beams and wooden floors are shown. The wooden beam in the
middle sits on the inner wall of the ground floor, which is made of mud mortar and
rubble stone, and does not bend too much. However, the other two wooden beams,
shown on sides, are above the doors and stretches too much, which causes vertical

tension cracks above the door corners at the upper floor (given in Figure 4.9).

A similar situation is the vertical crack created on the ground floor outer wall window
given in Figure 4.10. This crack is wider at the top, and it is narrowing and
disappearing downwards. This proves that this crack occurs as a result of a tensile
force acting along the wall plane and within the wall plane. A technical drawing
describing the crack formation mechanism is given in Figure 4.11 on the right with
MODEL NVTC-1 code (Audell, 1996). In Figure 4.11, thick black arrows indicate the
vertical movement of the foundation, and the resulting tension created in the wall plane

is shown by the two-way white arrow.

27/03/2015 01:05 PM

Figure 4.8 Mud-mortared walls and wooden beams in the basement of Sami Yildirim’s house (Bilgin
etal., 2015)
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27/03/2015 01:07 PM

Figure 4.9 Normal vertical tension cracks above the door corners in the first floor of Sami Yildirim’s
house (Bilgin et al., 2015)
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Figure 4.10 Normal vertical tension crack above the window in the basement of Sami Yildirim’s
house (Bilgin et al., 2015)

63



MODEL NVSC

MODEL NVTC-1

CEILING

NVSC

EFFECTED
EXTERIOR STATIONARY
WALL INTERIOR
WALL
DRYWALL

CRACKS (TYP)

$TUCCO
FINISH

EFFECTED
EXTERIOR

WALL AS-BUILT LINE

NTS

S
s,
!

{
1

0 o) 1

Figure 4.11 Crack forming mechanisms (normal vertical shear crack on the left and normal vertical
tension crack on the right) (Audell, 1996)

Figure 4.12 and Figure 4.13 show vertical cracks at the joint of two walls resulting

from the vertical differential movement of the walls. In Figure 4.12, wall on the right

is inner partition wall and the wall on the left is the outer wall. At first glance, a non-
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specialist may think that this vertical crack at the junction of the walls is the result of
vibration. However, this is not the case, as evidenced by the vibration measurements

provided and evaluated in Chapter 5.

Vibration levels measured at the ground of Sami Yildirim's house proved that the
highest PPV was 1.49 mm/s for ‘in front of the pit” blasts and 1.206 mm/s for ‘behind
the pit” blasts, which are lower than the damage levels, and compatible with the
Turkish Regulations. The crack at the wall corner stems from the fact that vertical
shear movement of the inner partition wall, located on the right, sitting on the wooden
floor (Figure 4.12) due to downward stretching of the wooden floor. A technical
drawing describing this mechanism is given on the left-hand side of Figure 4.11 with
MODEL NVSC code (Audell, 1996). Figure 4.12 shows the vertical shear force with
thick arrow. As explained in detail above, it is well proven that the cracks in this house
were not formed due to seismic effect. This is also confirmed by dirt and dust within

the cracks (see Figure 4.13).

Figure 4.12 Normal vertical shear crack at the joint of inner wall and outer wall of first floor of Sami
Yildinim’s house (Bilgin et al., 2015)
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Figure 4.13 Normal vertical shear crack at the joint of inner and outer walls at the first floor of Sami
Yildirim’s house (Bilgin et al., 2015)

4.3 Statistical Analysis of Collected Data

This chapter presents statistical analysis of data obtained during the field studies. In
accordance with this purpose, analysis of wind speed and wind directions at the
moment of blasting is presented for each path. Moreover, statistical analysis of air blast
levels resulted from presplit blasting and peak particle velocity and air blast levels
resulted from production blasting is given for each path, separately. But firstly, pie
charts of the data are formed to gain an insight into the distribution of the collected
data according to location and elevation of blast groups. Figure 4.14 shows the
distribution of blast records with respect to location of blast group within the pit and
elevation of blast groups for presplit blasts. Blast groups are located mostly at the
southwest and south-southwest part of the pit and 66% of the presplit blasts are located
at 910 m elevation. Figure 4.15 shows distribution of records with respect to location
of blast group within the pit and elevation of blast groups for production blasts,
respectively. Blast groups are located mostly at the southwest and south-southwest part
of the pit and 41% of the production blasts are located at 920 m elevation.
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Figure 4.14 Distribution of presplit blasts with respect to location of blast group within the pit and
elevation of blast group
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Figure 4.15 Distribution of production blasts with respect to location of blast group within the pit and
elevation of blast group

Figure 4.16 and Figure 4.17 show boxplots of air blast levels from presplit blasts and
production blasts respectively for each monitoring path. Figure 4.18 shows boxplots
of PPV from production blasts for each cross section. Boxplots can be used to detect
the outliers in air blast level and PPV data. Boxplots show the distribution of air blast
levels from presplit blasts are skewed to left and distribution of PPV from production
blasts are skewed to right. Star symbols may indicate possible outliers whereas
sometimes it can represent heavily tailed distribution of data. General behavior of the
data must be taken into consideration for outlier detection. The data from on-site
meteorological station during the project span were used to obtain the wind rose of
Kisladag (Figure 4.19).
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Figure 4.16 Boxplots of air blast levels from presplit blasts with respect to villages
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Figure 4.17 Boxplots of air blast levels from production blasts with respect to villages
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Figure 4.18 Boxplots of PPV from production blasts with respect to villages
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Figure 4.19 Wind rose for Kigladag between April-July

4.3.1 Katrancilar Data Analysis

Figure 4.20 and Figure 4.21 show the distribution of wind direction and wind speed at
the time of blast, while monitoring is along Katrancilar. Northern winds were the most
frequently observed wind direction in the field, 54% of all wind directions. Wind
speeds were generally in the range of 1.5-5.5 m/s, which constitutes 77% of all winds.
Lowest and highest wind speeds were 1.02 m/s and 7.35 m/s, respectively.
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Figure 4.20 Frequency distribution of wind directions at the moment of blasting for Katrancilar
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58 presplit blasting air blast data were collected along Katrancilar path, mean of the
air blast levels is 114.20 dB. Figure 4.22 shows frequency distribution of air blast
levels from presplit blasting. The air blast level between 109.00 dB and 115.00 dB has
the highest frequency. Noise level between 88.00 dB and 99.00 dB was observed only
three times. Noise level between 104.00-126.00 dB are the most common. This is

attributed to the close distance between the village and the monitoring stations.

16 100% 100%

14 90%
80%
12 8
@ 0% £
g 10 60% S
i 50% o
i o 2
(ZD- 6 40% B
0, )
. 30% g
20% 3

2 10%

0 0%

<0.3m/s 0.3-1.5m/s 1.5-3.3m/s 3.3-5.5m/s 5.5-8.0 m/s 8.0-10.8 m/s
mmmm No. of Events  —#— cum percentage

Figure 4.21 Frequency distribution of wind speeds at the moment of monitoring for Katrancilar
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Figure 4.22 Katrancilar presplit blasting air blast histogram
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Measured highest air blast level was 130.90 dB (with 5.63 Hz frequency) which was
recorded at KT1 station (close to pit). For this blasting maximum instantaneous charge
(MIC) is 170.00 kg, distance is 238.20 m and cube root scaled distance 43.00 m/Y/kg.
Lowest air blast level was 88.00 dB (with 2.75 Hz frequency) which was recorded at
KT4 station (close to village). For this blasting MIC is 180.00 kg, distance is 1900.00
m and cube root scaled distance 336.51 m/¥kg.

167 ground vibration data from production blasting were collected along Katrancilar
path, mean of the peak particle velocity (PPV) is 1.82 mm/s. Figure 4.23 shows
frequency distribution of PPV from production blasts. Great majority of PPVs were in
the range of 0.10-1.70 mm/s. Ground vibrations stronger than 6.30 mm/s were rare and

measured at the closest monitoring stations to the pit.

The lowest and highest PPV levels were 0.14 mm/s (with 4.88 and 13.75 Hz
frequency) (KT3 station) and 12.40 mm/s (with 16.75 Hz frequency) (KTO station,
closest to the pit), respectively. Lowest PPV was measured when MIC 357.00 kg,
distance 1293.03 m and square root scaled distance 68.43 m/Vkg. Highest PPV
measured when MIC 394.00 kg, distance 189.00 m and square root scaled distance
9.52 m/Nkg.
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Figure 4.23 Katrancilar production blasting PPV histogram
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123 air blast records from production blasts were collected along Katrancilar path,
mean of the air blast levels is 104.90 dB. Figure 4.24 shows frequency distribution of
air blast levels from production blasting. The air blast levels between 104.00 dB and
109.00 dB occupy the great majority.

Measured highest air blast level was 129.90 dB (with 8.31 Hz frequency) which was
recorded at KTO station. For this blasting MIC is 506.00 kg, distance is 635.00 m and
cube root scaled distance 79.69 m/Ykg. Lowest air blast level was 87.90 dB (with 3.69
Hz frequency) which was recorded at KT5 station, the farthest station to the mine. For
this blasting MIC is 213.00 kg, distance is 1852.60 m and cube root scaled distance
310.21 m/¥kg.

No. of Events

90,0 97,5 105,0 112,5 120,0 127,5

Air blast level (dB)

Figure 4.24 Katrancilar production blasting air blast histogram

4.3.2 Karapmar Data Analysis

Figure 4.25 and Figure 4.26 show the distribution of wind direction and wind speed at
the time of blast, while monitoring is along Karapinar. Northern winds were the most
frequently observed wind direction in the field, 50% of all wind directions. Wind
speeds were generally in the range of 1.50-5.50 m/s, which constitutes 62% of all

winds. Lowest and highest wind speeds were 0.79 m/s and 10.02 m/s, respectively.

56 production blasting air blast data were collected along Karapinar path, mean of the
air blast levels is 112.80 dB. Figure 4.27 shows the frequency distribution of air blast
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levels from presplit blasts. The air blast level between 115.00-123.00 dB has the
highest frequency, and 100.00-107.00 dB range follows it. 77.00-92.00 dB was

observed only two times.

Measured highest air blast level was 130.40 dB (with 9.81 Hz frequency) which was
recorded at KPO station (closest to the pit). For this blasting MIC is 240.00 kg, distance
is 193.40 m and cube root scaled distance 31.12 m/¥/kg. Lowest air blast level was
76.90 dB (with 4.25 Hz frequency) which was recorded at KP3 station, the farthest
station to the mine. For this blasting MIC is 210.00 kg, distance is 1630.00 m and cube
root scaled distance 274.23 m/{kg.

22 100%
20 90%
18 80%
16 70%
14 60%

12 50%
40%
30%
20%
10%
|,

1
Southern winds Northern winds  Western winds ~ Eastern winds

o

Cumulative Percentage

No. of Events

o N b OO

mmmm No. Of Events —&— cum percentage

Figure 4.25 Frequency distribution of wind directions at the moment of blasting for Karapinar

73



16 100% 100%
14 0%
80%
12 s
@ 0% E
g 10 60% S
g 50% ';
o =
0, >
. 30% 2
20% 3

2 10%

0 0%

<0.3m/s 0.3-1.5m/s 1.5-3.3m/s 3.3-5.5m/s 5.5-8.0 m/s 8.0-10.8 m/s
mmmm No. of Events  —#— cum percentage

Figure 4.26 Frequency distribution of wind speeds at the moment of monitoring for Karapinar
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Figure 4.27 Karapinar presplit blasting air blast histogram

147 ground vibration records from production blasting were collected along Karapinar
path, mean of the PPV is 1.91 mm/s. Figure 4.28 shows the frequency distribution of
PPVs from production blasts. Generally, ground vibrations in the range of 0.10-1.40
mm/s were observed at the field. Ground vibrations stronger than 2.70 mm/s were
unusual and recorded at the monitoring stations close to the pit, rather than the

settlement.
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Figure 4.28 Karapinar production blasting PPV histogram

The lowest and highest PPV levels were 0.13 mm/s (with 12.63 Hz frequency) (KP3
station) and 29.70 mm/s (with 25.75 Hz frequency) (KPO station), respectively. Lowest
PPV was measured when MIC 343.00 kg, distance 1843.00 m and square root scaled
distance 99.51 m/vkg. Highest PPV measured when MIC 506.00 kg, distance 225.00

m and square root scaled distance 10.00 m/vkg.

124 air blast records from production blasts were collected along Karapinar path, mean
of the air blast levels is 105.80 dB. Figure 4.29 shows the frequency distribution of air
blast levels from production blasting. The air blast level between 93.00 dB and 107.00
dB has the highest frequency. Air blast levels ranging between 107.00-114.00 dB has

the second highest frequency.

Measured highest air blast level was 130.00 dB (with 11.50 Hz frequency) which was
recorded at KPO station. For this blasting MIC is 506.00 kg, distance is 225.00 m and
cube root scaled distance 28.24 m/Ykg. Lowest air blast level was 79.40 dB (with 8.38
Hz frequency) which was recorded at KP4 station, the farthest station to the mine. For
this blasting MIC is 363.00 kg, distance is 1900.00 m and cube root scaled distance
266.35 m/Ykg.
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Figure 4.29 Karapinar production blasting air blast histogram

4.3.3 Giimiiskol Village Path 1 Data Analysis

Figure 4.30 and Figure 4.31 show the distribution of wind direction and wind speed at
the time of blast, while monitoring is along Giimiiskol path 1. Northern winds were
the most frequently observed wind direction in the field, 50% of all wind directions.
Wind speeds were generally in the range of 1.50-5.50 m/s, which constitutes 68% of

winds. Lowest and highest wind speeds were 0.79 m/s and 10.02 m/s, respectively.
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Figure 4.30 Frequency distribution of wind directions at the moment of blasting for Giimiiskol path 1
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Figure 4.31 Frequency distribution of wind speeds at the moment of monitoring for Giimiiskol path 1

34 air blast records from presplit blasts were collected through Giimiiskol Path 1, mean
of the air blast levels is 115.70 dB. Figure 4.32 shows the frequency distribution of air
blast levels from presplit blasting. The air blast level between 109.00 dB and 124.00
dB has the highest frequency, constitutes 65% of all measurements. Measured highest
air blast level was 134.00 dB. For this blasting MIC is 160.00 kg, distance is 1019.00
m and cube root scaled distance 187.70 m/¥kg. Noise levels between 124.00 dB and
134.00 dB are 16% of the collected data and noise levels over 129.00 dB are only 7%
of the data, which are recorded at the nearest station to the mine. Lowest air blast level
was 94.05 dB which was recorded at GKS5 station, the farthest station to the mine. For
this blasting MIC is 200.00 kg, distance is 1944.10 m and cube root scaled distance
332.44 mivkg.

127 ground vibration records from production blasting were collected through
Glimiigskol Path 1, mean of the PPV is 1.72 mm/s. Figure 4.33 shows the frequency
distribution of peak particle velocity from production blasts. Generally, ground
vibrations in the range of 0.10-1.80 mm/s were observed at the field which is 67% of
all events. Ground vibrations stronger than 5.00 mm/s were rare (5%) and recorded at

the monitoring stations close to the pit which are away from residential area.
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Figure 4.32 Glimiigskol Path 1 presplit blasting air blast histogram

The lowest and highest PPV levels were 0.21 mm/s (GK2 station) and 12.57 mm/s
(Araptepe station), respectively. Lowest PPV was measured when MIC 310.19 kg,
distance 1308.81 m and square root scaled distance 74.31 m/vkg. Highest PPV
measured when MIC 363.00 kg, distance 297.00 m and square root scaled distance

15.59 m/Vkg.
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Figure 4.33 Gumiigkol Path 1 production blasting PPV histogram
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Figure 4.34 Glimiigkol Path 1 production blasting air blast histogram

102 air blast records from production blasts were collected along Giimiiskol Path 1,
mean of the air blast levels is 108.20 dB. Figure 4.34 shows the frequency distribution
of air blast levels from production blasting. The air blast level between 102.00 dB and
112.00 dB has the highest frequency, 49% of all data. The lowest and highest air blast
levels were 87.00 dB and 130.00 dB, respectively. Air blast levels equal to and higher
than 120.00 dB constitutes 8% whereas air blast levels over 129.00 dB constitutes 1%
of the data. Lowest air blast level was recorded at GKS5 station, the farthest station to
the mine. For this blasting MIC is 514.70 kg, distance is 1645.50 m and cube root
scaled distance 205.33 m/¥kg. For the highest air blast level MIC is 506.00 kg,
distance is 930.00 m and cube root scaled distance 116.71 m/Ykg.

4.3.4 Giimiiskol Village Path 2 Data Analysis

Figure 4.35 and Figure 4.36 show the distribution of wind direction and wind speed at
the time of blast, while monitoring is along Giimiiskol path 2. Northern winds were
the most frequently observed wind direction in the field, 58% of all wind directions.
Wind speeds were generally in the range of 3.30-5.50 m/s, which constitutes 46% of
all winds. Lowest and highest wind speeds were 0.79 m/s and 10.02 m/s, respectively.

32 air blast data from presplit blasts were collected through Gilimiiskol Path 2, mean
of the air blast levels is 110.10 dB. Figure 4.37 shows frequency distribution for air
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blast levels from presplit blasting. The air blast level between 106.00 dB and 110.00
dB has the highest frequency with 29%.
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Figure 4.35 Frequency distribution of wind directions at the moment of blasting for Giimiiskol path 2
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Figure 4.36 Frequency distribution of wind directions at the moment of blasting for Giimiiskol path 2

Measured highest air blast level was 123.00 dB (with 9.38 Hz frequency) at GK6
station. For this blasting MIC is 260.00 kg, distance is 1242.00 m and cube root scaled
distance 194.59 m/¥kg. Lowest air blast level was 93.10 dB (with 4.63 Hz frequency)
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which was recorded at the nearest house to the mine in that path, also the farthest
station to the mine. For this blasting MIC is 120.00 kg, distance is 1631.00 m and cube

root scaled distance 330.67 m/¥kg.
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Figure 4.37 Glimiigskol Path 2 presplit blasting air blast histogram

80 ground vibration records from production blasts were collected through Giimiiskol
Path 2, mean of the PPV is 1.37 mm/s. Figure 4.38 shows frequency distribution of
peak particle velocity from production blasts. Ground vibrations in the range of 0.30-
0.80 mm/s constitute 31% of all data. However, ground vibrations in the range of 0.80-

1.80 mm/s occupy a greater share (43% of all data).
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Figure 4.38 Giimiiskol Path 2 production blasting PPV histogram
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The lowest and highest PPV levels were 0.29 mm/s (with 14.88 and 8.50 Hz
frequency) (GK7 station) and 4.19 mm/s (with 19.31 Hz frequency) (GK6 station),
respectively. Lowest PPV was measured when MIC 266.00 kg, distance 1548.00 m
and square root scaled distance 94.91 m/vkg. Highest PPV measured when MIC
458.00 kg, distance 1109.00 m and square root scaled distance 51.82 m/vkg.

72 air blast records from production blasts were collected through Giimiiskol Path 2,
mean of the air blast levels is 104.40 dB. Figure 4.39 shows frequency distribution of
air blast levels from production blasts. The air blast level between 104.00 dB and
110.00 dB has the highest frequency (43% of all events), while that between 97.00 dB
and 104.00 dB has the second highest frequency (29% of all events).

Measured highest air blast level was 130.80 dB (with 81 Hz frequency) which was
recorded at GK7 station. For this blasting MIC is 177.00 kg, distance is 1485.00 m and
cube root scaled distance 264.49 m/¥kg. Lowest air blast level was 84.24 dB (with
8.88 Hz frequency) which was recorded at the nearest house to the mine, also the
farthest station to the mine. For this blasting MIC is 305.00 kg, distance is 1807.00 m
and cube root scaled distance 268.45 m/¥kg.
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Figure 4.39 Giimiiskol Path 2 production blasting air blast histogram
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CHAPTER 5

CONVENTIONAL ANALYSES OF GROUND VIBRATION AND AIR
SHOCK

Linear least squares regression analyses were carried out on the collected datasets to
obtain site-specific propagation equations for each direction. Analyses were performed
using square root scaled distance versus peak particle velocity for ground vibration
and cube root scaled distance versus air blast level for air shock. Ground vibration and
air shock analyses were carried out on production blast records. However, only air
shock analyses were conducted on presplit blast records since most of the energy
produced is used on air shock formation due to no-stemming practice.

The collected data were divided into two parts; to form the regression models and to
test the models. 10 % of the data were allocated to test the model response. In order to
judge the performance of the regression models root-mean square error (RMSE),
correlation coefficient (R), coefficient of determination (r?) were calculated by using
measured and predicted values both for modelling set and for testing set. RMSE is
calculated with the following relation, where n is the sample size, y; is predicted value

and f; is measured value.

Correlation coefficient defines the relationship between two variables, here this
parameter is used to see the relation between predicted and measured values. R=1
shows perfect correlation and R=-1 shows inverse perfect correlation. Correlation
coefficient (Pearson correlation coefficient) is calculated with the following relation,
where pmand omare the mean and standard deviation of measured values,
whereas, pp and op are the mean and standard deviation of predicted values. y; and f;

are measured and predicted values, respectively.
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The other statistical parameter used for model evaluation is the coefficient of
determination (r?) which should not be confused with the square of correlation
coefficient (R?) given for line equations. ¥ is the mean of the measured data, y; and f;
are the measured data and predicted values, respectively. If negative r? values are
obtained, it means that the mean of the measured data provides a better consistency

than the predicted values.
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5.1 Ground Vibration Analyses

For ground vibration analyses logarithmic plots of square root scaled distance versus
PPV are obtained. Two propagation equations with related R? (square of correlation
coefficient between SD and PPV) are obtained for each dataset these are mean value
equation (belonging to the below line) and 95% confidence interval line equation
(belonging the upper line) (can be seen in Figure 5.1). These equations are in the form
of PPV = Kx(SD)™®. Where K is rock transmission factor and P is attenuation
constant. In this study, 95% confidence interval line equation (the upper line) is used
to calculate safe explosive amounts per delay and to predict PPV for future blasts. It
implies that the future PPV measurements can be higher than the predicted value only

with 5% possibility.

As a preliminary step to detailed ground vibration analyses, all the collected data were
analyzed in the same graph regardless of the location of monitoring stations (Figure
5.1). The performance indicators calculated for modelling and testing set are given in

Table 5.1. These values are later compared to regression analyses of the classified data.
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Figure 5.1 PPV prediction from whole production blast data

Table 5.1 Performance indicators for the whole-data model

R r RMSE
Modelling Set 0.813 0.612 1.673

Whole data
Testing set 0.924 0.803 1.174

Figure 5.2 shows the division of the pit according to blast group location within the pit
which will be later used for ground vibration analyses for each village. Blast groups
were classified in 16 groups before analyzing. The ground vibrations from blast groups
behind the pit follow a longer path than the blast groups in front of the pit to reach to
the monitoring station. In other words, they travel through the pit cone therefore their

blast vibrations are expected to be lower.
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Figure 5.2 Division of the pit according to directions

5.1.1 Katrancilar village

167 ground vibration records were obtained from production blasts. Production blasts
were conducted at minimum 1293.8 m and maximum 1902.2 m horizontal distances
to this village. In production blasting both ground vibration and air blast are felt from
Katrancilar village. 10% of the collected data were separated as testing set in order to
test the developed regression model. The highest PPV level from production blasting
is 1.876 mm/s (transverse component) with 5.63 Hz predominant frequency (at 1447.3
m). According to US OSM Regulations (Figure 2.17) for 5.63 Hz frequency value,

maximum allowable ground vibration level is 19 mm/s.

Ground vibration data from production blasting were divided into two parts according
to location of blast holes within the pit with respect to Katrancilar; i.e. in front of the
pit and behind the pit. Figure 5.3 shows behind the pit and in front of the pit concepts
for Katrancilar stations (KTO to KT6).
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Figure 5.3 ‘behind the pit’ and ‘in front of the pit” concepts for Katrancilar

8 different pit classification scenarios were tested and evaluated by using model
records and test records and compared to the regression analysis from unclassified
data. Table 5.2 shows the directions included in the analysis, line equation and R?
(square of correlation coefficient), which shows the correlation between square root
scaled distance and PPV. To evaluate the performance of the models; correlation
coefficient, coefficient of determination and Root-Mean Square Error (RMSE) were
calculated and compared in Table 5.3. All the models gave more or less the same
results, but the best result is obtained for model 1 combination. Figure 5.4 shows

ground vibration attenuation relation for unclassified production blast data.
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Table 5.2 Katrancilar properties of the formed models

Pit location Directions included Line equation
Unclassified - - y =453.7 * x151 R?=0.722 R=-0.850
In front of the pit N, NE, SW, W, NW, NNW y =250.1 * x133 R?=0.732 R=-0.856
Model 1
Behind the pit ENE, E, SE, S, SSW y =376.7 * x1% R?=0.566 R=-0.752
In front of the pit N, NE, W, NW, NNW y=222.0*x1% R?=0.748 R=-0.865
Model 2
Behind the pit ENE, E, SE, S, SSW, SW, WSW  y=386.9 * x5! R?=0.540 R=-0.735
In front of the pit N, NE, WSW, W, NW, NNW y =228.2*x1% R?=0.739 R=-0.860
Model 3
Behind the pit ENE, E, SE, S, SW y =320.8 * x4 R?=0.476 R=-0.690
In front of the pit N, NE, E, ESE, NW, NNW y =316.4 * x1% R?=0.748 R=-0.865
Model 4
Behind the pit SE, S, SW, WSW, W y =4325* x1%8 R?=0.579 R=-0.761
In front of the pit N, NE, ENE, W, NW, NNW y =217.0 * x1? R?=0.743 R=-0.862
Model 5
Behind the pit E, SE, S, SW, WSW y =364.1 * x1%0 R?=0.545 R=-0.738
In front of the pit N, NE, E, WNW, NW, NNW y =305.5 * x138 R?=0.749 R=-0.865
Model 6
Behind the pit ESE, SE, S, SW, W y =389.5 * x151 R?=0.577 R=-0.760
In front of the pit N, NE, WNW, NW, NNW y=223.2*x1%8 R?=0.763 R=-0.873
Model 7
Behind the pit ENE, E, SE, S, SW, W y =547.1* x1% R?=0.580 R=-0.762
In front of the pit N, NE, ENE, WNW, NW, NNW  y=218.1 * x*2?¢ R?=0.758 R=-0.871
Model 8
Behind the pit E, SE, S, SSW, SW, W y =526.0 * x1% R?=0.586 R=-0.766
Table 5.3 Katrancilar performance indicators for the models
Modelling Set Testing Set
R r? RMSE R r? RMSE
Unclassified 0.887 0.777 0.995 0.948 0.889 0.588
Model 1 0.893 0.791 0.965 0.965 0.906 0.540
Model 2 0.895 0.794 0.957 0.954 0.894 0.574
Model 3 0.894 0.792 0.963 0.957 0.895 0.572
Model 4 0.892 0.789 0.970 0.953 0.889 0.587
Model 5 0.896 0.795 0.955 0.954 0.895 0.571
Model 6 0.895 0.794 0.957 0.964 0.902 0.553
Model 7 0.894 0.791 0.964 0.952 0.889 0.588
Model 8 0.895 0.792 0.962 0.954 0.892 0.581

88



100

y = 1074.1x1515

10

PPV (mml/s)

0.1
10 . 100 1000
Scaled Distance - D/YW (m/Vkg)

Figure 5.4 Katrancilar unclassified production blasting PPV values

5.1.1.1 Katrancilar Village — in front of the pit analysis

The highest PPV level from in front of the pit production blasts is 1.876 mm/s
(transverse component) with 5.63 Hz predominant frequency (at 1447.3 m). According
to US OSM Regulations (Figure 2.17) for 5.63 Hz frequency value, maximum

allowable ground vibration level is 19 mm/s.

SD vs PPV graph was used to determine propagation-attenuation equation for
stripping-production blasts on this path (Figure 5.5). The attenuation relation for in
front of the pit blasts is PPV = 529.48*SD13%, Distance-explosive amount graph
obtained from this equation for various PPV levels is shown in Figure 5.6. This graph
is used to determine the safe explosive amount per delay when the distance between
the blast site and the relevant structure is known. The distance between KT5 station
(the closest building in the village to the mine) and north border of the mine is 1150 m
and the distance between KT5 and the center of the open pit is 1610 m. The lowest
measured frequency value is 3.813 Hz on this path and the allowable PPV is 16.40

mm/s for this frequency value.
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Figure 5.5 Katrancilar production blasting PPV values (Pit location- NE, N, W, SW- in front of the
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Figure 5.6 Safe explosive amounts for Katrancilar village for ‘in front of the pit’ blasts
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However, it was aimed not to exceed at worst 5.00 mm/s or normally 3.00 mm/s since
some of the buildings in the village were constructed by using mud mortar and rubble
stone. For example, if the distance between KT5 station and the blast site is 1200 m
and 5.00 mm/s was decided as the PPV limit, the safe amount of explosive that can be
blasted at the same time is 1269.0 kg.

5.1.1.2 Katrancilar Village — behind the pit analysis

The highest PPV level from production blasting is 1.429 mm/s (transverse component)
with 13.88 Hz predominant frequency (at 1328.0 m). According to US OSM
Regulations (Figure 2.17) for 13.88 Hz frequency value, maximum allowable ground
vibration level is 25.8 mm/s. SD vs PPV graph was used to determine propagation-
attenuation equation for stripping-production blasts on this path (Figure 5.7). The
attenuation relation for behind the pit blasts is PPV = 881.28*SD1, Distance-
explosive amount graph obtained from this equation for various PPVs is shown in
Figure 5.8. This graph is used to determine the safe explosive amount per delay when

the distance between the blast site and the relevant structure is known.
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Figure 5.7 Katrancilar production blasting PPV values (Pit location- SSW, S, E, ENE- behind the pit)

91



2600
2400
2200
2000

1800
1600 —23.00 mm/s

1400 —5.00 mm/s
1200

1000
800 9.35 mm/s
600
400
200
0 v
0.0 2000.0 4000.0 6000.0 8000.0 10000.0 12000.0 14000.0 16000.0 18000.0
Explosive amount per delay (kg)

Distance (m)

——6.35 mm/s

Figure 5.8 Safe explosive amounts for Katrancilar village for ‘behind the pit” blasts

The distance between KT5 station (the closest building to the mine) and south border
of the mine is 2310 m and the distance between KT5 and the center of the open pit is
1610 m. The lowest measured frequency value is 4.125 Hz on this path and the
allowable PPV is 19 mm/s for this frequency value. However, it was aimed not to
exceed at worst 5.00 mm/s or normally 3.00 mm/s since some of the buildings in the
village was constructed by using mud mortar and rubble stone. For example, if the
distance between KT5 station and the blast site is 1900 m and 5.00 mm/s was decided
as the PPV limit, the safe amount of explosive that can be blasted at the same time is
4569.5 kg.

5.1.2 Karapmar Village

147 ground vibration records were obtained from production blasts. Production blasts
were conducted at minimum 1249.50 m and maximum 2248.65 m horizontal distances
to this village. In production blasting both ground vibration and air blast are felt from
this village. The highest PPV level from production blasting is 2.372 mm/s (transverse

component) with 7.94 Hz predominant frequency (at 1381.0 m). According to US
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OSM Regulations (Figure 2.17) for 7.94 Hz frequency value, maximum allowable
ground vibration level is 19 mm/s.

Ground vibration data from production blasting were divided into two parts according
to location of blast holes within the pit with respect to the settlement location; i.e. in
front of the pit and behind the pit. Figure 5.9 shows behind the pit and in front of the

pit concepts for Karapinar stations.
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Figure 5.9 ‘behind the pit’ and ‘in front of the pit’ concepts for Karapinar

9 different pit classification scenarios were tested and evaluated by using model
records and test records and compared to the regression analysis from unclassified
data. Table 5.4 shows the directions included in the analysis, line equation and R?
(square of correlation coefficient, which shows the relation between SD and PPV). To
evaluate the performance of the models; correlation coefficient, coefficient of
determination and Root-Mean Square Error (RMSE) were calculated and compared in
Table 5.5.
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Table 5.4 Karapimar properties of the formed models

Pit location Directions included Line equation
Unclassified - - y =469.7 * x156 R?=0.654 R=-0.809

In front of the pit ~ NNE, N, W, S, SSE y =313.6 * x14 R?=0.642 R=-0.801
Model 1

Behind the pit NE, E, SE y =1542.7 * x19 R?=0.573 R=-0.757

In front of the pit N, W, S, SSE y=311.9*x14 R?=0.647 R=-0.804
Model 2

Behind the pit NNE, NE, E, SE y =803.3 * x177 R?=0.538 R=-0.733

In front of the pit NE, N, W, S, SSE y =336.7 * x4 R?=0.627 R=-0.792
Model 3

Behind the pit ENE, E, SE y =927.1* x18 R?=0.685 R=-0.828

In front of the pit NNE, N, W, SSW y =281.7 * x4 R?=0.624 R=-0.790
Model 4

Behind the pit NE, E, SE, S y =1314.9 * x18 R?=0.612 R=-0.782

In front of the pit NNW, W, S, SSE y =325.5* x14 R?=0.652 R=-0.807
Model 5

Behind the pit N, NE, E, SE y =649.0 * x17 R?=0.529 R=-0.727

In front of the pit ~ NNE, N, W, S y =286.5* x142 R?=0.629 R=-0.793
Model 6

Behind the pit NE, E, SE, SSE y =1493.6 * x1 R?=0.619 R=-0.787

In front of the pit ~ NNW, W, SSW y =289.2 * x4 R?=0.632 R=-0.795
Model 7

Behind the pit N, E, S y =658.1* x170 R?=0.569 R=-0.754

In front of the pit N, W, SSW y =277.9* x140 R?=0.628 R=-0.792
Model 8

Behind the pit NNE, E, S y=770.3 * x17® R?=0.581 R=-0.762

In front of the pit SW, W, NNW y =298.7 * x4 R?=0.618 R=-0.786
Model 9

Behind the pit N, E, SSW y=212.0* x4 R?=0.498 R=-0.706

Regression model from unclassified data gives the best performance indicators among
all and the second-best result is obtained for model 5 combination. Figure 5.10 shows

ground vibration attenuation relation for unclassified production blast data.
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Table 5.5 Karapmar performance indicators for the models

Modelling Set Testing Set
R r RMSE R r2 RMSE
Unclassified 0.881 0.512 2.924 0.933 0.751 2.071
Model 1 0.867 0.469 3.050 0.917 0.685 2.326
Model 2 0.866 0.473 3.037 0.915 0.688 2.316
Model 3 0.868 0.480 3.017 0.917 0.698 2.279
Model 4 0.864 0.456 3.087 0.916 0.668 2.387
Model 5 0.871 0.475 3.034 0.927 0.702 2.264
Model 6 0.864 0.458 3.081 0.915 0.670 2.380
Model 7 0.864 0.466 3.058 0.916 0.680 2.346
Model 8 0.862 0.460 3.077 0.914 0.670 2.381
Model 9 0.865 0.475 3.032 0.915 0.690 2.309
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Figure 5.10 Karapinar unclassified production blasting PPV
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5.1.2.1 Karapwmar village — in front of the pit analysis

From production blasting both ground vibration and air blast are felt from this village.
The highest PPV level from production blasting is 2.372 mm/s (transverse component)
with 7.94 Hz predominant frequency (at 1381.0 m). According to US OSM
Regulations (Figure 2.17) for 7.94 Hz frequency value, maximum allowable ground

vibration level is 19 mm/s.

SD vs PPV graph was used to determine propagation-attenuation equation for
stripping-production blasts on this path (Figure 5.11). The attenuation relation for in
front of the pit blasts is PPV = 891.1*SD144°, Distance-explosive amount graph
obtained from this equation for various PPV values is shown in Figure 5.12. This graph
is used to determine the safe explosive amount per delay when the distance between
the blast site and the relevant structure is known. The distance between KP4 station
(the closest building in the village to the mine) and west border of the mine is 930 m

and the distance between KP4 and the center of the open pit is 1968 m.
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Figure 5.11 Karapinar production blasting PPV values (Pit location- NNW, W, S, SSE- in front of the
pit)
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Figure 5.12 Safe explosive amounts for Karapinar village for ‘in front of the pit” blasts

The lowest measured frequency value is 6.25 Hz on this path and the allowable PPV
is 19 mm/s for this frequency value. However, it was aimed not to exceed at worst 5.00
mm/s or normally 3.00 mm/s since some of the buildings in the village was constructed
by using mud mortar and rubble stone. For example, if the distance between KP4
station and the blast site is 1500 m and 5.00 mm/s was decided as the PPV limit, the

safe amount of explosive that can be blasted at the same time is 1727.1 kg.

5.1.2.2 Karapwnar village — behind the pit analysis

The highest PPV level from production blasting is 0.780 mm/s (radial component)
with 8.25 Hz predominant frequency (at 1900.0 m). According to US OSM
Regulations (Figure 2.17) for 8.25 Hz frequency value, maximum allowable ground
vibration level is 19 mm/s. The measured maximum velocity value is even less than
the allowable velocity limit which is 5 mm/s for 1 Hz the frequency. Moreover, it is
less than the human perception level that is 1.50 mm/s (given in Chapter 2.6). It can

be felt only when the people are in a building due to resonance effect of the structure.
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SD vs PPV graph was used to determine propagation-attenuation equation for
stripping-production blasts on this path (Figure 5.13). The attenuation relation for
behind the pit blasts is PPV = 1635.9*SD*7%, Distance-explosive amount graph
obtained from this equation for various PPVs is shown in Figure 5.14. This graph is
used to determine the safe explosive amount per delay when the distance between the
blast site and the relevant structure is known. The distance between KP4 station (the
closest building in the village to the mine) and east border of the mine is 2530 m and

the distance between KP4 and the center of the open pit is 1968.0 m.

The lowest measured frequency value is 3.38 Hz on this path and the allowable PPV
is 14.80 mm/s for this frequency value. However, it was aimed not to exceed at worst
5.00 mm/s or normally 3.00 mm/s since some of the buildings in the village was

constructed by using mud mortar and rubble stone.
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Figure 5.13 Karapinar production blasting PPV values (Pit location- N, NE, E, SE - behind the pit)
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Figure 5.14 Safe explosive amounts for Karapinar village for ‘behind the pit” blasts

For example, if the distance between KP4 station and the blast site is 2250 m and 5.00
mm/s was decided as the PPV limit, the safe amount of explosive that can be blasted
at the same time is 5691.4 kg.

5.1.3 Giimiiskol Village Path 1

127 ground vibration records were obtained from production blasts. Production blasts
were conducted at minimum 1457.3 m and maximum 1869.3 m horizontal distances
to this village. In production blasting both ground vibration and air blast are felt from
this village. The highest PPV level from production blasting at the village is 0.741
mm/s (transverse component) with 12.81 Hz predominant frequency (at 1707.9 m).
According to US OSM Regulations (Figure 2.17) for 12.81 Hz frequency value,

maximum allowable ground vibration level is 24.10 mm/s.

Ground vibration data from production blasting were divided into two parts according
to location of blast holes within the pit with respect to settlement location; i.e. in front
of the pit and behind the pit. Figure 5.15 shows behind the pit and in front of the pit
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concepts for Glimiiskol Path 1 monitoring line (GK1 to GKS5). Figure 5.16 shows
ground vibration attenuation relation for unclassified production blast data.
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Figure 5.15 ‘behind the pit” and ‘in front of the pit” concepts for Giimiigkol Path 1

9 different pit classification scenarios were tested and evaluated by using model
records and test records and compared to the regression analysis from unclassified
data. Table 5.6 shows the directions included in the analysis, line equation and R?
(square of correlation coefficient, which shows the relation between SD and PPV).

To evaluate the performance of the models; correlation coefficient, coefficient of
determination and Root-Mean Square Error (RMSE) were calculated and compared in
Table 5.7. All the models gave more or less the same results, but the best result is
obtained for model 3 combination. Figure 5.16 shows ground vibration attenuation

relation for unclassified production blast data.
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Table 5.6 Giimiiskol Path 1 properties of the formed models

Pit location

Directions included

Line equation

Unclassified

Model 1

Model 2

Model 3

Model 4

Model 5

Model 6

Model 7

Model 8

Model 9

In front of the pit
Behind the pit
In front of the pit
Behind the pit
In front of the pit
Behind the pit
In front of the pit
Behind the pit
In front of the pit
Behind the pit
In front of the pit
Behind the pit
In front of the pit
Behind the pit
In front of the pit
Behind the pit
In front of the pit

Behind the pit

SW, S, E,NE

WSW, W, NW, N, NNE

WSW, SW, S, E, NE

W, NW, N, NNE

W, WSW, SW, S, E, NE
WNW, N, NNE

W, WSW, S, E, ENE

WNW, NW, N, NE

ESE, SE, SSE, S

N, NE, E, SSW, W, NNW

SE, SSE, S

N, NE, E, ESE, SSW, W, NNW
SE, SSE

N, NE, E, ESE, S, SSW, W, NNW
SE, SSE, S, SSW

N, NE, E, ESE, SW, W, NNW
ESE, SE, SSE, S, SSW

N, NE, E, SW, W, NNW

y =1366.9 * x 1%
y=1177.8 * x17
y = 3111.8 * x20
y = 1100.9 * 173
y = 9007.5 * x228
y =1176.9 * x176
y =41931.5 * x262

y = 1104.6 * x17°

y = 103176.5 * x 28

y = 1283.5 * X180
y = 1775.7 * x1%
y =1293.1 * x17™
y = 1539.7 * x18
y =1341.2 * x18
y =1606.4 * x18
y = 1225.0 * 170
y =1274.9 % X178
y = 1262.1* x177

y = 14927 * x182

R?=0.649 R=-0.806
R?=0.749 R=-0.865
R?=0.275 R=-0.524
R?=0.731 R=-0.855
R?=0.318 R=-0.564
R?=0.685 R=-0.828
R?=0.480 R=-0.693
R?=0.713 R=-0.844
R?=0.536 R=-0.732
R?=0.839 R