MINING ENGINEERING is journal based od the rich tradition of expert and scinetific work from
the field of mining, udergound and open-pit mining, mineral processing geology, petrology,
geomechanics, as well as related fields of science.

Since 2001, published twice a year, and since 2011 four times year.

Editor-in-chief

Ph D. Mirko Ivkovic¢, Senior Research Associate

Committee of Undergoind Exploitation of the Mineral Deposits Resavica
E-mail: mirko.ivkovic@jppeu.rs

Phone: +38135/627-566

Co-Editor
Ph.D.Jovo Miljanovic¢
Faculty of Mining Prijedor, RS

Editor

Vladimir Todorovi¢
Danijel Jankovic
English Translation
Nenad Radaca
Drazana ToSi¢

Printed in: Grafopromet Kragujevac

Web site:
mirko.ivkovic@jppeu.rs

MINING ENGINEERING is financially suported
Committee of Underground Exploitation of the Mineral Deposits Resavica

ISSN 1451-0162
Journal interxing in SCIndex and ISI
All righs reserved.

Published by

Committee of Exploitation of the Mineral Deposits Resavica
E-mail: mirko.ivkovic@jppeu.rs

Phone: +38135/627-566

Scentific-Tehnical Cooperation with the Engineering Academy of Serbia
Editorial Board

Academic Prof.Ph.D. Mladen Stjepanovi¢
Engineering Academy of Serbia

Prof.Ph.D. Vladimir Bodarenko
National Mining University, Deportment of Deposit mining, Ukraine

Prof. Ph.D. Milivoj Vuli¢
University of Ljubljana, Slovenia

No01/2014 27 MINING ENGIEERING



Prof.Ph.D. Jerzy Kicki
Gospodarki Suworkami Mineralnymi i Energia, Krakow, Poland

Prof.Ph.D.\Vencislav Ivanov
Mining Fakulty, University of Mining and Geology
,»St.lvan Rilski* Sofia Bulgaria

Prof.Ph.D. Tajdu$ Antoni
The Stanislaw University of of Mining and Metalhurgy, Krakow, Poland

Ph.D.Dragan Komljenovic¢
Nuclear Generating Station G2, Hidro-Qwebec, Canada

Ph.D.Zlatko Dragosavljevic¢
Faculty of’Futura” Belgrade

Prof.Ph.D. DuSan Gagi¢
Faculty of Mining and Geology, Belgrade

Prof.Ph.D.Nebojsa Vidanovic¢
Faculty of Mining and Geology, Belgrade

Prof.Ph.D.Nedo Buri¢
Tehnical Institute, Bijeljina, Republic Srpska

Prof.Ph.D.Vitomir Mili¢
Tehnical Faculty, Bor

Prof.Ph.D. Rodoljub Stanojevi¢
Tehnical Fakulty Bor

Ph.D.Miroslav R.Ignjatovic¢
Senior Research Assoicate Chamber of Commerce and Industry Serbia

Ph.D.Dusko Bukanovoé
JP PEU- Resavica

No01/2014 28

MINING ENGIEERING



CONTENS

Svetlana Simi¢
EXPLORATION OF COAL IN THE DESPOTOVAC BASIN

Zvonimir Bo3kovi¢, Vladimir Cebasek, Sanel Nuhanovi¢, Jovana Crnogorac
DETERMINATION MECHANICAL PROPERTIES OF CEMENT STONE FOR PERMANENT
TIGHTNE SS CEMENTED ANNULUS

Zvonimir Bo3kovi¢, Vladimir Cebasek, Sanel Nuhanovi¢, Jovana Crnogorac
DEFORMATION AND PERMEABILITU OF CEMENT STONE OF DIFFERENT
COMPOSITION IN HARD FOMATIONS.

Zvonimir Bo3kovi¢, Vladimir Cebasek, Sanel Nuhanovi¢, Jovana Crnogorac
DEFORMATION AND PERMEABILITY OF CEMENT STONE OF DIFFERENT
COMPOSITION IN SOFT TO MEDIM HARD FORMATIONS

No01/2014 29 MINING ENGIEERING



UDK:622.02:622.343/349(0.45)=20
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INTRODUCTION

In the middle of the 19th century has began research in Despotovac coal basin. During the
long period of research was set aside more deposits, including economically most interesting two :
Zabela - Kosa and Cerje — Jovacko polje.

The recent geological surveys were carried out in the period since year 2011 to 2013 with
the aim of defining potentially coal-bearing area located near the already discovered and exploited
deposits. The tests were carried out geological and geophysical methods of prospecting northwest
Zabela - Kosa (the exploration area A) and the south and southeast of the bearing Cerje - Jovacko
polje (the exploration area B). Research in the area of the field, which is located northwest of the
bearing Zabela - Kosa has shown that this area is unproductive in terms of expansion and provision
of coal reserves in the bay of the same name. Continuity exploitable Sarmatian series has not been
confirmed , but it remains unknown develop Baden and Prebaden series, whose presence is hinted
by geoelectrical methods. Geological survey south and southeast of the deposit Cerje — Jovacko
polje determine the continuity of development of Neogene sediments , but the presence of coal
seams , their number and thickness must be determined by more precise methods. Financial assets
held for research of coal — bearing are very modest and, as such, prevent the application of costly
research methods.

Despotovci basin, as part of that bay Greatmoravian basin is formed under conditions of
sub-mountainous coastal lowlands near denundation areas which caused the poorly sorted and facial
diversity sediments that are cyclically interchanged . Coal deposit sediments were formed in the
period of the Carpathians as the youngest floors lower Miocene ( M1*) to the Sarmatian ( M,?).
Tectonically they are very complex terrain is divided into blocks of larger and smaller lowered to
different depths. Breakout and lowering blocks were carried by preneogaean the Pliocene and
Quaternary. Since disjunctive deformations are represented : a cross- faults, oriented in the direction
of I - Z, are almost parallel to each other , and the distance between them increases to the south and
longitudinal faults, the direction - south , lower the intensity , the time they are older , and are
related the eastern edge of the basin. Space of the Despotovac basin is the place confrontation two
geotectonic units of the second order : Luzni¢ka and Gornjacka - suvoplaninska zone (Geology of
Serbia, 1975) .

In Despotovac basin developed Miocene sediments with a total thickness of about 700
meters. According to the time and circumstances of creation, the B . Maksimovic (1977), were
defined as:

- Prebaden freshwater sediments - horizon "D", a thickness of up to 250 meters,

- Badenian marine and brackish sediments - horizon "C", a thickness of about 200 meters,

- Sarmatian sediments - horizons "B" and "A", a thickness of about 250 meters.
Prebaden freshwater sediments was built from the marl and marl clay, then coal-bearing horizon
represented with 14 layers and interlayers coal and overlying sand - conglomerated sediments. Coal
seam in this series belong to the horizon of "D".

To marine - brackish Baden series, the B . Maksimovic(1977), features a variety lithofacial
intensive vertical alternation semisaline , freshwater and marine sediments. Baden series begins
basal clastics where Premiocen paleorelief or carbonate sediments when overlaying freshwater
Miocene. From the lithological members present were still green, gray-green and blue clay with
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coal seams (horizon "C").

Conformably over Badenian Sarmatian blue clay lies a complex which consists of gray clay
with thin layers of coal (horizon "B"), green and gray clay, clayey sand and sand, over which lie
layers of coal and clay horizon labeled "A". The highest parts of the series are presented in sandy
sediments.

Sarmatian coal has been the subject of decades of exploitation in Despotovac basin. Prebaden
freshwater series exploited in the mine “Manasija”.

Coal layers are complex structure and morphology. Within each horizon of the layers have
been developed, of which coal is the small number of economically interesting. Thickness of
exploitable coal seams is very variable (note Kosa: layer B/ 0.6 m-58m, layerA2/0.7m-6.1m
and Cerje - Jovacka field : layer B2/1,0m-6.0m, layerB1/1.0m-6.8m, layerA2/1.0m-6.5
m ). Coal layers are stratified clays which occurs in the form of lenses or the thickness of different
layers.

The coal belongs to the soft brown coal (lignite, the old division), except Prebaden coal series,
which, according to the results of technical analysis, hard brown coal. Coal is a dark brown, brown
scratched, dull, wooden structure. And proximate analysis of coal from Despotovac basin confirmed
that belong to the soft brown coal mines. The moisture content is about 26 % , ash 30% to 45 % .
The sulfur content is low at 1.3%. Volatile content ranges from 19 % to 21 % . The mean value of
the net calorific value of the deposit Zabel Hair shown do about 10,000 kJ / kg , while in the cradle
Nova Manasija is about 14,800 kJ / kg . Bulk density of coal is 1.21 t/m3.

METHODS

Geological research of Despotovac basin, whose results are presented in this paper were
carried out during in year 2011 and 2012 ( Simic, 2011, 2012) . The goal of complex geological
research of Despotovac basin is discovering potentially coal-bearing space in order to increase the
raw material base of coal.

Given the complexity of the geological and tectonic characteristics of the basin, which are
inevitably affected the morphology of the carbon layers, their thickness, continuity, quality and
quantity characteristics, it is necessary to predict geological research in several respects. Research
of coal-bearing in Despotovac basin includes defining parameters based on all the existing research
(basic research of Greatmoravian regional basin and detailed study districts Zabela - Kosa and
Cerje - Jovacko polje) and on the basis of geologic (geological mapping) and geophysical
(geoelectrical sounding) presented in this area.

Detailed geological mapping research areas A and B was performed by moving into the
method of the shoots, the wide coverage of the field. The total area of both exploration area is
approximately 20 km?. All points of observations are documented in a prescribed manner.

Geoelectric methods it is possible to separate the Miocene coal-bearing series of paleorelief.
Along the two geophysical profiles were placed ten probes at a distance of 150.0 m to 200.0 m .
Measurement of the electrical resistivity and induced polarization, enabling the interpretation of
lithological composition to a depth of about 500 - 600 meters .

RESULTS

The exploration area A - the geological survey of the exploration area northwest of
deposits Zabela Kosa in the 2011th year, showed that the area is unproductive in terms of expansion
and provision of coal reserves. Continuity exploitable Sarmatian series has not been confirmed, but
it remains unknown develop Baden and Prebaden series, whose presence is hinted resistivity
sounding. Within the research of Greatmoravian basin in the eighties, drilled 6 drill holes located in
the area of Despotovac basin. Two drill holes (VM -2 and VM -3) are located north from the Resava
river, three (VM -4 , 4a -VM and VM -5) to the south and one in the alluvial deposits (VM-1). In
the area north of solved only one borehole (VM -2) noted Sarmatian coal negligible thickness (two
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interbeds of 0.2 m and 0.3 m), and the second occurring 4 interbeds of coal Badenian age. In the
area south of Resave no productive layers of Sarmatian age. Interpretation of the results of
geoelectric sounding allocated to a depth of 80 to 100 meters from the sandy ground surface -
gravel sediments ( lithologic environment 1 and 2), according to the lithological composition and
stratigraphic position, probably correspond to Sarmatian sediments and Baden - Sarmatian
(horizons “A” and “B”) at a depth of about 100 to 250 meters separate the clay sediments
(lithologic environment 3) at depths ranging from 250 meters to 550 meters of sand is separated -
conglomerated series (lithological environment 4). The rim profile paleorelief deposits (lithologic
environment 5) are found at depths of 200 to 300 meters.

Geophysical surveys have confirmed that the exploration area located northwest of the
bearing Zabela Kosa, is the rim of the Despotovac basin.

Accordingly, in this area is not expected to increase the Sarmatian coal reserves that could be
followed up on reserves from Zabela Kosa deposit. The unknown is the presence of Baden and
Prebaden series or layers of coal horizons “C” and ”D”.

The exploration area B - the geological survey of the area south of the bearing Cerje
Jovacko polje in 2012th year, showed that in this area will develop Neogene sediments
continuously, as evidenced by the interpretation of geoelectric sounding, but the presence of coal
seams , their number and thickness must be determined by more precise methods. Based on the
interpretation of the results of geoelectric soundings to a depth of 600 m, identifies four lithological
units whose mutual boundaries relatively vaguely defined as it is a gradual transitions one
environment to another. According to the results of geoelectric soundings (parameter SER - specific
electrical resistance ) it is a predominantly clayey- sandy- marly sediments. Lithological
environment one is made of clay and clayey sands of the total thickness of 200 m to 500 m.
Lithological environment consists of two sandy clay, sand, gravel, clay, total thickness of 50 to 250
meters. Within this environment are separated and lenses, probably, gravel and sand with low
participation clay component - this is the lithological environment 4. Lithological environment 3
extends from the surface to a maximum depth of operation is identical to the middle of the two, and
lithology are probably very close to, but separated from it due to the specific spatial position. This is
probably a continuation of the lithological environment 1 with gradual lateral transitions clay more
or less clayey clastic material. In this environment, it is also possible presence of isolated lenses of
sand and gravel.

Based on the interpreted lithological composition, we believe that the isolated Sarmatian and
Badenian sediments, which further extends to the south and southeast. Geoelectric sounding is not
possible to extract the number and thickness of coal seams .
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Abstract

Different types of additives for cement stone expansion for several years. Some additives are based
on calcium sulfate, sodium sulfate, calcium sulfate hemihydrate, or the creation of ettringite. These
expanding cements exhibit more than ten times greater than the spread of them have a Portland
cement slurry with the addition of salt. Known are also expanding cements containing calcium or
magnesium oxide. The expansion of the cement in connection with the mineralogical and chemical
changes that result from hydration and crystallization factors. Size expansion depends on the
concentration of additives to the expansion, the particles of cement, of cement slurry design and
their implementation of drilling conditions (pressure, temperature), and the types of rocks in which
the hardened.

INTRODUCTION

The basic aim of determining the composition of the cement mixtures of oil and gas wells is to
provide a solution suitable for application in the field. This means that they can be easily prepared
and pumped conventional surface equipment and driven to the required depth with the appropriate
setting time. The

solution must maintain stability throughout the process.

To ensure a long service life borehole cement stone must be mechanically and chemically resistant.
Formed from APl cement, the cement stone is resistant to aggressive drilling fluids and must be
resistant to stress during manufacture or operation of the well, i.e.. tightness testing of pipes,
stimulation operations, temperature changes during the production cycle throughout the century
wells. It is necessary to analyze the mechanical behavior of cement stone of various types of cement
mixtures under downhole conditions to arrive at the optimal composition of the cement mixture.
Instead of the previous analysis of strength of cement stone as the main features should be
considered a complete mechanical system that consists of protective pipe, cemented and gap
formation. Increasing the pressure or temperature in the well is transferred to the first protective
tube as a result of which the stresses are transferred, and the cement stone.

COMPOSITION OF TESTED CEMENT MIXTURES

The procedure of mixing the solution and the test was performed in accordance with the APl Spec
10 The composition of the cement consists of a mixture of additives for the spread and the standard
additives, such as additives for reducing the friction between the particles, for preventing the
foaming of a cement solution, additives to control the setting time, and for controlling filtration.
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List composition of cement mixtures is given in Table 1

The following three groups of different specific density of cement-based solution of:
The first group consists of a mixture of cement decreased the specific density of 1:45 to 1:55
kg/dm3 for using which indicates a growing need for application in areas where the
observed occurrence of loss of circulation during cementing, lowering cement solution to
curing stage after cementation and hence loss of tightness of spaces.

The second group consists of a mixture of cement specific density of 1.70-1.90 kg/dm3 and
fall in the group of medium-heavy cement mixtures. They are used in a wide range of
specific density

medium heavy cement mixture hardening spaces far beyond the production formation.

The third group consists of heavy cement mixture with a specific gravity of >1.90 kg/dm3
whose use is directed to the space between the bore hole in the area of productive formations
in a wide range of specific density.

CHARACTERISTICS OF CEMENT SOLUTION

Determination of rheological properties of cement solution was carried out at 77°C (API Standard).
Conventional cement-based mixtures are used for comparison purposes. In all cement mixtures
using the borehole cement Dyckerhoff Class G cement. Mixtures were prepared with tap water. The
additive for expansion (added to the system) is essentially the calcium oxide (CaO). Rheology of
solution was measured by Fann 35 rheometer after preparation at room temperature and after
conditioning for 20 minutes. Setting time of the cement mixture can be controlled and there was no
separation of free water.

Rheological properties of cement solution is not interesting for these tests and are shown in Table 1
shows the mechanical properties only to highlight the significance of Young’'s modulus of elasticity
on the stability of cement stone of various cement mixtures.

Table 1.Mechanical properties of cement mixtures composition

Aditive for - Young'’s . Compress
Cement extending Sd%ics'iftlc T modulus of P?;?gn ive
mixture (% by weight (ko dmé) (°C) elasticity N Strength
of cement) (MPa) (MPa)
X1 0 1.90 77 9200 36.6
X2 0 1.45 77 449 0.142 N
X3 2 1.45 77 2650 0.163 12.1
X5 0 1.70 77 5200 0.17 21.6
X6 3.5 1.70 77 3700 0.19 21.0
X7 0 1.90 77 9242 0.24 33.5
X8 2 1.90 77 4100 0.22 21.2

SAMPLES PREPARATION

Cement dissolved a few days to harden chamber under heat and pressure to suit well conditions. In
doing so, they measured the physical and mechanical properties of hardened cement paste: Tensile
strength, compressive strength, elastic properties (Young's modulus of elasticity, Poisson’s ratio),
permeability and volume change during hydration (expansion / contraction). All the curing are
carried out at a pressure of 20.7 MPa as defined in the recommendations of the APl 10b at
temperature 77 °C. The samples were cured for a period of at least three days, until (almost)
constant compressive strength is not achieved. At the end of this period the samples were cooled
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and stored under water.
Cement slurry without the sedimentation of material with 0% of free water. Production of cement
solution followed procedure ISO 10426-2, Petroleum and natural gas industries - Cements and
materials for well cementing - Part 2: Testing of well cements, July 2005 cement stone samples
were subjected to a sufficiently long time to reach a static heating temperature wells. Ultrasonic
measurement device were performed to demonstrate when a static temperature reached.
Samples of cement stone were cured in molds and then cut to the appropriate dimensions with a
length to diameter of 2:1 and according to ISO 10426-2, Petroleum and natural gas industries -
Cements and materials for well cementing - Part 2: Testing of well cements, July 2005 and ASTM
Method C469-02, Standard test method for static modulus of elasticity and Poisson's ratio of
concrete in compression.

In all the examples, the samples had a cylindrical shape dimensions of 50.8mm diameter and
25.4mm in length. The ends of the samples had to be perpendicular to the axis (allowed deviation of
<0.5 °) and align. Before the test measured the length of the sample (allowed deviation of up to 0.1
mm) diameter (allowed deviation 0.05mm). For each cement system is made as a cylindrical three
samples. The test for determining the compressive strength was performed on one sample and the
remaining two tests to determine Jung elastic modulus and Poisson’s ratios. All samples were used
for measurement of compressive strength. This means that the compressive strength is shown as the
mean of the three samples and Young'’s modulus of elasticity and Poisson’s ratio of the two samples.

TESTING RESULTS AND ANALYSIS

Types of cement mixtures with additives for expansion leads to a decrease in Young's modules in
comparison with the standard Cements mixtures and therefore increase the elasticity. A wide range
of Young's modules can be obtained for a given specific density. Table 1 shows the values of
Young's module of 9242 MPa to 4100 MPa (mixture of cement and X7 X8), which is achieved by
changing the concentration of additives to the expansion. The concentration of the additive for
controlling the spread of primarily elastic properties of the cured cement (a higher concentration of
higher elasticity). However, increasing the elasticity is associated with a reduction in compressive
strength (Fig. 1), and must always check that the compressive strength of cement stone sufficient to
ensure the stability of the casing. After cementing technical casing string required strength of
cement stone to continue drilling to be 3.5 MPa and after the cementing of production casing
cement stones at the interface must have a compressive strength of min. 21 MPa. This value allows
you to perform perforation works and bring to production.
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Figure 1. The compressive strength of the hardened cement paste relative to
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the Young’s modulus of elasticity at 77 C °

Reducing the Young's modules may be achieved by reducing the specific gravity of cement
mixtures as shown in Table 1 A cement mixture of a specific gravity of 1.70 kg/dm? in the elasticity
of the additives (X6) has a lower value of Young’'s modulus of elasticity than the standard density
cement mixture 1.70 kg/dm?® (cement mixture X5). The cement mixture X2 (1.45 kg/dm?® without
additives for expansion) shows very little value Young's module and an unacceptably low value of
compressive strength. The elastic system (cement mixture F with specif. 1.45 kg/dm® density) is
also of little value Young's module, but with a much higher value of compressive strength. In fact,
compared to all the different systems resilient system always shows the highest value of
compressive strength for a given value of Young’'s modules.

The value of the Poisson ratio of hardened cement stone indicates the integrity of the actual cement
ties with casing and play. For this reason, efforts are being made to reach a higher value of the
Poisson ratio.

CONCLUSION

Cement stone with additives for flexibility in the medium and hard formations have higher stress,
while in medium hard has greater strain compared to the cement stone Class G. This indicates that
the cement grout with additives for flexibility in these well conditions have favorable mechanical
and elastic properties (lower value of Young's modulus of elasticity and Poisson coefficient of
hardened cement Class G) affecting the preservation of stability of the protective tube - cement
stone - formation, as well as the preservation of tightness of the system. Wall thickness has an
important role in the transmission of tangential stresses, and thus the deformation of the cement
stone. This means that the wells in which are embedded protective tube with a large wall thickness
can be used cement mixture of cement stone whose value is less tensile strength and compressive
strength.
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Abstract

It is not always justified the use of cement mixtures with additives for expansion and flexibility. The
wells that will not be subjected to cyclic stresses or changes in drilling conditions should be a model
to analyze whether the compressive strength of cement stone enough to withstand radial, tangential
stresses and deformations. If so, the standard types of cement mixtures, with a corresponding
compressive strength of cement stone, provide security for the preservation of the stability of
cemented spaces in the working life of the well.

INTRODUCTION

In reviewing the results of certain models of the impact of changes in drilling conditions on the
strain hardened cement paste observed an increase in the tangential stress and strain hardened
cement paste. The analysis included the results of tangential stress and strain at the contact
protective tube - cement stone, because of both the size of its maximum value achieved at this point,
while the radial stress does not exceed the value of compressive strength of cement stone. The
analysis is carried out for cement stone Class A and Class A + additive for expansion, so that the
computation of the most commonly used structures wells. These models are easy adapt to well
construction, was the analysis of cemented space between technical column casing or production
casing in a variety of geometries wells. Laboratory tests are the same as for the cement mixture in
soft to medium hard formations except that ring 7mm simulated Young's modulus of 10,000 MPa.
This size is typical of consolidated sands.

PERMEABILITY OF CEMENT STONE MIXTURE TYPE CLASS G

Check the stability of the cement stone in terms of annular geometry was carried out laboratory
tests. Changes in the downhole conditions, it will result in the collection of, the spread was in the
protective tube and may be simulated. Such tests provide an assessment of mechanical properties of
hardened cement paste in the conditions prevailing in the borehole. Nature stress generated at the
interface (stretching or pressure) is similar to those cement stone has to endure in real bore. The
mechanical properties (elastic modulus and compressive strength) were determined on cylindrical
test bodies cement stone (diameter 25.4 mm and height 50.8 mm). The solutions were prepared,
cured and tested in ambient conditions. Cement solution is poured into the annular space between
the simulated and the protective tube formation. Simulate the formation of a metal ring. After
hardening of the cement stone, set up a system with a rubber chamber for the purpose of
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performance measurement bandwidth. It includes a metal ring placed on top of the cement stone
and rubber chamber placed around the protective tube. The permeability to air was measured with a
differential pressure of one bar, and is defined as the conductivity of the whole system. Therefore, it
includes the relative permeability to air hardened cement, fracture permeability and airflow in
mikroanulus. The permeability of cement stone for the test system is small and during the test
period measured throughput was 0.01 mD. Mechanical damage to the cement stone is caused by an
increase in pressure in the borehole (leaking testing of pipes, increase the specific gravity of drilling
fluids, casing perforation, stimulation, production of gas), a large increase in temperature in the
borehole (geothermal production, steam injection wells and extreme HTHP conditions) or load
formation (sliding, compression, faulting ...). Unfavorable situation is in unconsolidated formations
because they are not able to monitor the mechanical deformation of cement stone. In case of
increase in temperature, in geothermal wells, thermal properties of the steel, cement and rocks, as
well as growth temperature must be considered.

The forces generated in the cement stone have little impact on permeability in hard formations
because the cement stone prevented the spread of the cracks are consequently smaller. System
without additives (Class G) can withstand the strain of 45 um.
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Figure 1. Permeability cement mixture type Class G depending on the load in hard formations

FINITE ELEMENT MODEL

The radial stress, tangential stress and strain are always considered for the two materials. The
contemporary design and stress analysis of borehole annulus is usually performed stress-strain
methods. From the stress-strain method mostly used is the finite element method. This method is
performed to analyze changes of the stress state in a system of protective pipe-cement-rock
formations, where the works on drilling and on the basis of defined areas where there has been a
change in stress and possibly compromising stability. With this approach it is possible to determine
the zone in which there is an increase of stresses and even fracture and thereby examine the
influence of the system construction of the solution the casing - cement stone - the formation of
stress concentration primarily in the cement stone. In this way, they can consider all the pros and
cons of proposed solutions, and predict their impact on the further continuation of the drilling or
performing certain operations in exploitation.

Model of the stresses in a well defined geometry of the following:

The geometry of the model
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Well:diameter 215,90 mm Cement stone: Class G
depth 2800,00 m

Casing: P — 110 (51,8 kg/m’) Formation: hard
outer diameter 177,80 mm
inner diameter 152,90 mm

Table 1. Physical and mechanical material properties for Mohr-Coulomb strength criteria

Young’s . .
Poisson Tensile .
. module of L Angle of Cohesion
Materijal elasticity COEﬁrﬁ tent str(el\r)“%t:)st frictionj (°) ¢ (MPa)
E, (MPa)
Steel 200000 0,27 760,00 53,50 138,77
Cement stone 9200 0,20 2,07 42,95 6,05
Class G
Formation 8960 0,29 3,00 30,00 10,50
hard
. l'T,. "-.‘::_.. I ; a : é:..-l— _-"'Jl"" ¥
[ ] casing ' cement stone || formation

Figure 2. Well finite element model with casing 177,80 mm P-110 (51,8 kg/md set up to 2800m
(hard formation — cement stone Class G)

Pressure in the casing P = 20 MPa
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—

Tangential stress sq (MPa)

. . : Distance from Well axis (m)
Figure 3. Tangential stress distribution s Figure 4. Diagram of tangential stresssq distribution
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at cement stone
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Figure 5. Radial stress s distribution
at cement stone
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Figue 7. The distribution of deformation
at cement stone

LOADING CEMENT MIXTURES TYPE X2

Radial stress s, (MPa)
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Figure 6. Diagram of radial stress s distribution
at cement stone
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Figure 8. Diagram of deformation distribution
at cement stone

Are shown in Figure 2 cycles of loading and unloading the cement mixture type X2. In the first
cycle, the relief, the bandwidth is increased, indicating the creation mikroanulus. The cement
mixture of type X2 be closed mikroanulus than 45 uym in such cramped conditions. As expected, the
damage was not observed in these load conditions, with minimal bandwidth. In such cramped
conditions, X2 system is less effective in closing mikroanulus indicating that the boundary
conditions (formation characteristics) can significantly affect the ability of achieving tightness of a

given system.

Mikroanulus was imprisoned at the relief of that system. reducing stress. At the end of the test, no
cracking was observed on the surface of the hardened cement.
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Figure 10. Deformation of the cement mixture type X2 hardening

Model of the stresses in a well defined geometry of the following:

The geometry of the model

Well:diameter 215,90 mm Cement stone: with aditive for
expanding
depth 2800,00 m
Casing: P - 110 (51,8 kg/m’) Formation: hard
outer diameter 177,80 mm
inner diameter 152,90 mm

Table 1. Physical and mechanical material properties for Mohr-Coulomb strength criteria

Young’s . .
Poisson Tensile .
- module of - Angle of Cohesion
Materijal elasticity coeffrlﬁlent Str(e,\';l%t:)s‘ frictionj (°) ¢ (MPa)
E. (MPa)
Steel 200000 0,27 760,00 53,50 138,77
CemthZStone 4100 0,20 2,07 42,95 6,05
Formation 8960 0,29 3,00 30,00 10,50
hard
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Figure 11. Well finite element model with casing 177,80 mm P-110 (51,8 kg/mQ set up to 2800m
(hard formation — cement stone X2)

Presure at casing P = 20 MPa
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General observation on the basis of the findings is that the permeability varies significantly from
one loading-unloading cycles due to the formation mikroanulus. In contrast, in the permeability the
spread of the central nucleus from its initial position is repeated from one cycle to the next. In case
mikroanulusa, the measured throughput significantly affect the way in which creates a deformation
established connection cement stone - the central core, ie. cement stone - protective casing.

In Figure 18 shows the calculated values of permeability ideal mikroanulus as function of its width.

In the worst case (no closure mikroanulus) mikroanulus than 60 pym should have a permeability of
500 mD.
In most cases, the measured values of permeability were much less likely caused by the irregular
shape of mikroanulus the residual layer of cement to the central core of the (protective casing). All
of the tests that multiple cycles of loading and unloading there is a trend to reduce this effect
(removing roughness) leading to an increase permeability._
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Figure 18. The ratio of the width of the bandwidth micro annulus

Tightness test cemented annulus demonstrated that the mechanical properties of the cement stone
(elasticity, strength and expansion) and the formation parameters are the key features in
maintaining the integrity of the cement stone during the life of the well.

EFFECT OF EXPANSION CEMENT STONE

Synergy between additives for expansion and elasticity exist and the tightness of the borehole
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annulus remains stable only if the cement stone is more elasticity than formation. This is achieved
by the addition of additives to the elasticity of the cement mixture which reduces the Young's
modulus of elasticity of hardened cement stone.

-
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S

Cement
stone

0 / Young’s
100 modulus of
/ elasticity
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40 —r —— 6000
. —— 7000
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Cement stone linear expansion

Mikroanulus width (um)

Figure 19. Schematic diagram expansion of the cement stone different values of Young’s modulus of elasticity

In Figure 19 shows the results of a simulation created micro annulus between the casing and the
cement stone size of 40 microns and the necessary expansion of the cement stone different Young'’s
modulus of elasticity for closure.

CONCLUSION

Tightness test cemented annulus demonstrated that the mechanical properties of the cement stone
(elasticity, strength and expansion) and the key features of the formation of parameters in
maintaining the integrity of the cement stone over the life of the well.

Cement stone with lower values of Young's modulus of elasticity requires less linear expansion to
prevent the occurrence of mikroanuluss than 40 microns. Cement systems containing additives for
expansion is the best system to preserve tightness cemented annulus. For the case when the value of
Young's modulus of elasticity of cement stone is equal to or greater than the value of Young's
modulus of elasticity of the formation expanding cement stone will create an even greater
mikroanulus.
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DEFORMATION AND PERMEABILITY OF CEMENT STONE OF DIFFERENT
COMPOSITION IN SOFT TO MEDIUM HARD FORMATIONS

Zvonimir Boskovié!, Vladimir Cebadek?, Sanel Nuhanovi¢®, Jovana Crnogorac
! Rudarski fakultet Prijedor
2 Rudarsko -geolo3ki fakultet Beograd
® Rudarsko —geolosko-gradevinski fakultet Tuzla

Abstract

Hemical shrinkage of cement or chemical contraction of cement is the main mechanism during the
hydration of portland cement. Volume hidriraju¢ih components such as water and cement particles
is greater than the volume of the hydration products. This refers to a contraction of volume in the
interior or dry shrinkage of cement. Total chemical shrinkage can be measured by placing a solution
of the cement in the reservoir immersed in water. The amount of absorbed water during the
hydration of cement corresponds to the total chemical shrinkage. Such experiments often lead to
erroneous estimate of the total chemical shrinkage due to the constant decrease in permeability
during the hydration of cement stone, which prevents the passage of water creating a complete
network of hydrates. Total chemical shrinkage is estimated at approximately 6:25 ml/100 g cement
assuming 100% hydration. Additive for expansion in cement mixtures permeability of cement stone
is reduced.

Introduction

Cement stone created by drilling cements must be resistant to aggressive media, and must be
resistant to stress during manufacture or operation of the well, i.e.. tightness testing of pipes,
stimulation operations, temperature changes during the production cycle throughout the century
wells. It is necessary to analyze the mechanical behavior of cement stone of various types of cement
mixtures under downhole conditions to arrive at the optimal composition of cement mixture.
Different types of additives for expansion for several years. Some additives are based on calcium
sulfate, sodium sulfate, calcium sulfate hemihydrate, or the creation of ettringite. These expanding
cements exhibit more than ten times greater than the spread of them have a Portland cement slurry
with the addition of salt. Known are also expanding cements containing calcium or magnesium
oxide. The expansion of the cement in connection with the mineralogical and chemical changes that
result from hydration and crystallization factors. Size of spreading depends on the concentration of
additives to the expansion, the particles of cement, a cement solution and a design test conditions
(pressure, temperature). The linear expansion of cement solution as measured by the mold to
spread. Additions of expansion prevents the formation of internal microannulus. The expansion may
be delayed for several days, even weeks. The bond between cement stone-stone formations and
cement-protective tubes will therefore grow with time.

1. THE PERMEABILITY OF CEMENT STONE

The permeability of hardened cement paste was measured by water standard procedure. Disk
cement paste is placed in a holder which Hassler is placed under pressure. Water is injected by
constant capacity pump. When it reached a constant state recorded a corresponding differential
pressure. The measured permeability is shown in Table 1.

Table 1. Permeability of cement stone
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Cement Additives for Spec. density Permeability

mixture expansion (kg/dm®) (mD)

Class G Yes 1.89 0.0271
X2 No 1.89 0.001

2. LABORATORY TESTS

A large number of laboratory tests of cement stone is designed for a variety of well conditions with
the aim of investigating the behavior of a cement stone under simulated stress in well conditions.
Models damaging cement stone were determined as a function of mechanical properties of the
cement stone, parameters and load conditions on a touch surfaces. Loss insulation layer can be
caused by mechanical damage to the cement stone was creating microanulus the contact surface
protective tube - cement stone and cement stone - formation. Certainly, the behavior of hardened
cement paste depends on the specific conditions at the contact surfaces.

To ensure a long service life borehole cement stone must be mechanically and chemically resistant.
Formed from API cement the cement stone is resistant to aggressive drilling fluids and must be
resistant to stress during manufacture or operation of the well, i.e.. leaking testing of pipes,
stimulation operations, temperature changes during the production cycle throughout the century
wells. It is necessary to analyze the mechanical behavior of cement stone of various types of cement
mixtures under downhole conditions to arrive at the optimal composition of the cement mixture.
Check the stability of the cement stone in terms of annular geometry was carried out laboratory
tests. Changes in the downhole conditions, it will result in the collection of, the spread was in the
protective tube and may be simulated. Such tests provide an assessment of mechanical properties of
hardened cement paste in the conditions prevailing in the borehole. Nature stress generated at the
interface (stretching or pressure) is similar to those cement stone has to endure in real bore. The
mechanical properties (elastic modulus and compressive strength) were determined on cylindrical
test bodies cement stone (diameter 25.4 mm and height 50.8 mm). The solutions were prepared,
cured and tested in ambient conditions. Cement solution is poured into the annular space between
the simulated and the protective tube formation. Simulate the formation of a metal ring. After
hardening of the cement stone, set up a system with a rubber chamber for the purpose of
performance measurement bandwidth. It includes a metal ring placed on top of the cement stone
and rubber chamber placed around the protective tube. The permeability to air was measured with a
differential pressure of one bar, and is defined as the conductivity of the whole system. Therefore, it
includes the relative permeability to air hardened cement, fracture permeability and airflow in
mikroanulus. The permeability of cement stone for the test system is small and during the test
period measured throughput was 0.01 mD.

3. LOAD CEMENT MIXTURES IN SOFT TO MEDIUM-HARD FORMATION
The thickness of the metal ring of 2 mm (soft formations) simulates a Young's modulus of elasticity
of 2500 MPa formation. This value can be measured in unconsolidated sandstones.
Load Class G cement mixtures
Deformation of the core (in practice, this is an achievement pressure in protective tubes for

example. Hermeticity testing with the internal pressure of protective tubes) was performed with a
rotating shaft permeability coefficient remained constant and less than 0.01 mD.
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At the core of relief (in practice it is relieving pressure in protective tubes) were created inside
micro annulus. Permeability started to increase significantly as a result of initial connection loss
(water storage) between the cement paste and the central core (casing). It has thus been observed
that the surface of the core is somewhat retarded cement stone. In the second load, throughput is
reduced and is a consequence of the closure micro annulus. The expansion of the central core
(casing), there was a strain of cement stone. This caused the beginning of a radial crack at the
moment when the tensile strength exceeded the tensile strength of cement stone.
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Figure 1. Permeability (air) hardened cement without additives cement mixture type X1 measured during the load of
soft to medium-hard formations

Finite element model

Stress in cement stone were analyzed by Finite element model assuming that the steel, cement and
stone wall are elastic materials. Also, it is assumed that the connection cement stone - casing and
cement stone - the formation is good or not realized.

Model of the stresses in a well defined geometry of the following:
- Drilling diameter:  215.9 mm
- Built-exploitation protective tubes:
Grad: K- 55 (20.83 kg/m) up to 1100 m
- Theinner diameter: 127.3 (mm)
- The outer diameter: 139.7 (mm)
- Acollector rock: soft to medium hard

o

~.~

ey

PO et P G S y
e

[ | casing [ | cementstone formation

Figure 2. Well finite element model with casing 139.7 mm K-55 (20.83 kg/m’) built up to 1100 m
(soft to medium hard foration — cement stone Class G)

The geometry of the model
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Well:diameter 215,90 mm Cement stone: Class G
depth 1100,00 m

Casing: K —-55 (20,83 kg/m’) Formation: soft to medium hard
outer diameter 139,70 mm
inner diameter 127,30 mm

Table 2. Physical and mechanical material properties for Mohr-Coulomb strength criteria

Young’s . .
Poisson Tensile .
. module of - Angle of Cohesion
Materijal elasticity CO‘*ﬁr']:'e”t S”(e,\"/‘lgpt:)s‘ frictionj (°) ¢ (MPa)
E. (MPa)
Steel 200000 0,27 760,00 53,50 138,77
Cement stone 9200 0,20 2,07 42,95 6,05
Class G
Formation
Soft to medium hard 2500 0,13 3,00 30,00 10,50
1 '!"I
< i
=3 i
@ 1
8 i 1

Distance from well axis (m)

Figure 4. Diagram of tangential stress s distribution
at cement stone

Figure 3. The distribution of the tangential stress s
at cement stone

1

Radial stress s, (MPa)

Distance from well axis (m)
Figure 6. Diagram of radial stress s, distribution
at cement stone

Figure 5. The distribution of the radial stress Sy
at cement stone
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Load of cement mixtures type X2

In Figure 9 shows the deformation of the central core and the outer ring during a three-day period of
hardening cement stone. In a situation with no restrictions (in the environment of the borehole)
expansion will be directed outward (toward formation). In the case of the limited space between the
expansion and moves outwards and inwards. The outer ring of the 2-mm is less stiff than the
protective tube and therefore more deformed during the expansion of the cement stone. Due to the
expansion of hardened cement stone is subjected to compaction during the curing period.
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Figure 9. Deformations and casing pipe and the ring during the curing cement stone mixture type X2 in soft to medium
hard formations

Shown in Figure 10 is the change of the coefficient of permeability in cement stone mixture type
X2 during load cycle. Throughput is not changed during mechanical testing. The cement mixture of
type X2 had the same mechanical properties as well as the X1. Part of the energy produced by the
expansion was released in relief on O turns and thereby prevent the formation mikroanulusa. The
initial compressed state allows the system X2 greater resistance to deformation than the Class A
system and thus larger tensile stresses that give rise to the formation of radial cracks. During the
examination of the surface of the cement were observed no cracks.
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Figure 10. Change the coefficient of permeability in cement stone mixture type X2 during load testing

Finite element model

The geometry of the model

Well:diameter 215,90 mm Cement stone: X2
depth 1100,00 m
Casing: K - 55 (20,83 kg/m’) Formation: soft to medium hard
outer diameter 139,70 mm
inner diameter 127,30 mm
Table 3. Physical and mechanical material properties for Mohr-Coulomb strength criteria
Young’s . .
Poisson Tensile .
. module of . Angle of Cohesion
Materijal elasticity coeffrlltqzlent str(e,\r)l%t:)st frictionj (°) ¢ (MPa)
E. (MPa)
Steel 200000 0,27 760,00 53,50 138,77
Ceme;ztzsm“e 2600 0,20 2,07 42,95 6,05
Formation
Soft to medium hard 1580 0,13 3,00 30,00 10,50

[ ] casing [ | cement stone [ | formation
Figure 2. Well finite element model with casing 139.7 mm K-55 (20.83 kg/m’) built up to 1100 m
(soft to medium hard foration — cement stone X2)
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Figure 12. Tangential stress distribution s Figure 13. Diagram of tangential stress s distribution
at cement stone at cement stone
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Figure 16. The distribution of deformation Figure 17. Diagram of deformation distribution
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4. CONCLUSIONS

Stress values are in linear depending on the pressure in the well, which means doubling the increase
of pressure results in twice the magnification of stress in cement stone. Pictures also show that the
radial stress on the pressure and the tangential tensile strength.

The highest value of the tangential stress of cement stone is at steel - cement stone contact which
usually leads to distortion of actual connections. The value of the tangential stress at the contact of
steel - cement stone is the tensile strength of cement stone that you must possess in order to prevent
disconnection with increasing pressure in the borehole. This stress increases with increase of
pressure in the borehole.

The radial stress in cement stone increases from contacting steel - cement stone to the contact
cement stone - formation. This stress to the change of pressure in the well is linearly decreasing.
Cement mixtures with additives to achieve the expansion of tightness cemented spaces in terms of
cyclic stress wells (increasing and decreasing pressure in protective tubes

LITERATURE

9. Thiercelin, M.J., Dargaurd, B, Baret, J.F. and Rodriguez, W.J.: “Cement design based on
cement mechanical response SPE 52890

10. Bosma, M., Ravi, K. Van Driel W. and Schreppers G.J.: “ Design approach to sealant
selection for the life of the well” SPE 56536

11. Parcevaux, P.A. and Sault, P.H.: : Cement shrinkage and elasticity: a new approach for a
good zonal isolation” SPE 13176

No01/2014 52 MINING ENGIEERING



12. Moran, L.K., Murray, T.R. and Moyer, W.R.: “ Cement expansion: A laboratory
investigation”. SPE 21685

13. Baumgarte, C. Thiercelin,M and Klaus, D.: “ Case studies of expanding cement to prevent
microannular formation”, SPE 56535

14. Boskovi¢, Z. : Model proseca cementacije zastitnih cevi u gasnim bu3otinama sa ekstremnim
termobarskim uslovima, magistarki rad, Beograd 2000

15. Goodwin, K.J. and Crook, R.J.: Cement sheath stress failure SPEDE,Dec.1992, 291-296.

16. Boskovic,Z.: Optimization of production casing cementing in deep wells in the southeastern part of
the Pannonian Basin, Ph.D. thesis, Belgrade 2006.

No01/2014 53 MINING ENGIEERING



ﬂPHBPEﬂHO APYLWTBO
) KTPAHE U KOMNOBW

KOCTOJIALI. o

TE=-Ha-EHADG-£9=

T

No01/2014

54

MINING ENGIEERING



Apyurso:Pynapekw Gacen , KONYBAPA”

'h"tl_-,,.._ EEFGF Cosel ]T 2 ﬂnmp&anu ~ AR
e ! '..,r'_ . I-m

- F +m¢umrm1za123% un By
L goc: 0 ﬂ:ﬂi‘

'._f: Dinet:

e

IIH-HFII i T

HIHH

No01/2014 55 MINING ENGIEERING



Slovenija

Premagovnik Velen

RTH, Rudnlk Troovlje in Hrastnil

HTZ
RUDIS Trbovlje
STTIM Trbowl|je

Hrvatska

Termoelektrana Plomir

MUING d.0.0. Zagreb

Bosna | Hercegovina

Elektroprivrada FBIH
Elektroprivreda RS

Rudnik mrkog uglia Breza

Rudnik mrkog uglia Banovici

RAL Eakan

AU fenica

RMU ur & vik

AL Kreka, Mramor
Rugnik | TE Gackno
Budnik i TE Ugljevik
RRIU Abid Lolic, Bila

Rudnik bakra, olova i cinka SASE

Rudarskl institut u TUZLI

Rudarskl institut BANIA LLIKA

www.siming.eu

Srbija
EPS, Elektroprivreda Srbije
RBE Kolubara
RMU Rembas Resavica
Rudnici bakra BOR Majdanpek
GOSA FOM

Makedonija
Rudnik olova | cinka "SASA"

Crna Gora

Rudnik Plievija

No01/2014

56

MINING ENGIEERING



Sifa)in

IRUCTION

Contacts

SilaEnG

Siming d.0.0
Obredle 70 B261 Sl-lesenicy

alming d.o.o

Bulevar Mibaila Pupir

Ovlasteni distributer i serviser za BIH | Srbiju:

£\ min-

MIN-TEC d.0.5

Mala Dizdara 72, 75000 Tuzla
Hobna | HErcegovina

el ++3E7 [0]35.2632.129
Fax. ++387 [0)35.262.229

M ail 'l'rll;:l'll Ir=DEC_ OO WA, TR - BesC. T
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PRODUKTION- UND

HANDELSANGEBOT

Produktion, Lieferungen und Reparaturen der folgenden Geriite und Komponenten:

- Bandforderarantriabe und Telle

- sohfengebundens Schisnonflurbahnan,

« Trommelwinden,

- Kabeltrommalwinden,

- Einschisnanhiingebahnisile

- Seilbahnenantriebsteile,

- Senklader und Sohlensenkiader sowie deren Komponenten,
« universale hydraulische Aggregate HAZY

- hydraulische Pumpen, Motoran und Servomotoren sowis doeran Telle,
- Wettersperrenbanddurchfiihrungen fiir Bandférderer,

= PanzarfGrdererteile und Komponantan,

- Meotallschneiden mit ginem numerischen Plasmaschnelder.

Untertagearbeiten, Vortriebsarbeiten, Vorrichtungs und Montagearbeiten:

« Untertage Kohle und Felsvortriebsarbeiten,

« Umbauten von Abbaur§umen,

« Kreuzungsumbauten,

- Schachtarbaiten,

- komplexs Wandvorrichtungsarbeiten mit eiganer Ausstattung,
= komplexe Forderanlagenmontage,

- komplexe Transportaniagenmontage,

- Montage von Rohrieitungen allar Art.

Zum ausfihren der o.a. Arbeiten, beschiftigt Firma VACAT ca. 500 ausgeblidete Untertagearbeiter

3 | zusammen mit fachmannischem Leit und Aufsichtspersonal mit durch das Bergamt bestitigten
' Qualifikationen.
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HYDRAULISCHE VERANKERUNGSMASCHINE

VT KH-1

Dis hydraulische Verankerungsmaschine VT KH-1 ist flir das Bohren von AnkeriScher mit
Druckfidhigkait bis zu 150MPa im Fels oder Boden (Kohle, Schiefer und Sandstein) bastimmt, wia
auch zum anbringen von Ankern In dazu vorgesshene Lacher.

Die Varankerungsmaschine ist an die Arbeit in Grubenbau, mit Bogen und Rechieckschnitt mit
Langsneigung von 45" so wie von 2m bis zu 5m héhe, angepasst.

Dis VT KH-1 Verankerungsmaschine kann In R#umen mit erh8htem Mathanexplosionsrisiko
undiodar Kohlenstaubexplosionsgefahr als ein Gerit der | Gruppe der Kategorie M2 unter der
Badingung, dass dis Wahl dor slektrischen Ausrilstung an die gesetzlichen Bestimmungen
angapasst warden.

Dia Verankerungsmaschine kann genauso iberall da genutzt werden, wo es Bedar! f0r alna

Verankerung odsr Bohrung gibt, mit Nutzungsparametern die sich Im Mutzungsberelch des Gerites
bewagen.

Technische Charakteristik der Verankerungsmaschine:

Motorspeisungsdruck « 8,0+ 17,5 MPa
Servomotorspeisungsdruck -0+ 10 MPa
Drehmomant - 300 + 370 Nm
Drehgeschwindigkeit - 10 + 475 u/'min
Durchmasser dos Bohrgestinges - max & 42 mm
Bohrersitz - Bkt 22

Max. Bohrtiefe - 25 m
Bohrwinkel =70+80°
Druckkraft « 12,9 kN

Min./ Max. Lings der Varankerungsmaschina - 1700 { 2700 mm
Gewicht der Verankerungsmaschine (Tragrahmen) -90 kg

Technische Charakteristik der Stromerzeugungseinhaeit:

Hennstrom - 11,5 oder 7,5 A
Elektromotor - 7,5 kW - 5001000 V
Tankvolumean =871

| Abmaessungen L/B/H: = B30/400/400 mm

== - — —— e
——— — —

ENO)

v VACAT
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