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ABSTRACT

GEOTECHNICAL EVALUATIONS AND DETERMINISTIC DESIGN
CONSIDERATIONS FOR PITWALL SLOPES AT ESKIHISAR
(YATASAN-MUSLA) STRIP COAL NMINE

ULUSAY, Resgat
PhD in Geological Engineering Department
Supervisor : Prof. Dr. Vedat DOYURAN
September 1991, 340 pages

In this study it is aimed to reveal +the geotechnical
characteristics of the lithological units exposed at the
Eskihisar strip coal mine, to establish +the causes and
mechanisms of slope failures, to estimate shear strength
parameters mobilized along the sliding surfaces at the time
of failure, and to determine optimum slope parameters for

safe and economical operation of the mine.

Paleozoic(?) schist and Mesozoic(?) marbles constitute
the basement rocks in the mine area. The Neogene deposits
comprising Turgut, Sekkdy and Yatafan formations overlie the
bagement rocks unconformably. The coal seam having a maximum
thickness of 20 m occurs at the base of the Sekkdy
formation. All wunits are crossed by normal faults and

numerous joints.
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Geotechnical investigations involve core drilling, in-
situ and laboratory testing to determine material,
discontinuity and mass properties of the lithological units.
Groundwater level measurements, slope monitoring and back
analyses of various possible modes of failure are also

performed.

Slope instabilities are mainly controlled by structural
features yielding multiplanar and plane shear failures, and
small-scale wedge failures. Mass failures occur in soils and
highly jointed rock wmasses. The parameters derived from
laboratory shear tests are compared with those obtained from
the back analyses of instabilities encountered in the pit.
The results suggested that the residual shear strength of
discontinuities and of soils are mobilized along the sliding

surfaces at the time of failure.

Stability analyses involved kinematic approaches and
limit equilibrium analyses incorporating dry and saturated
slopes as well as effects of tension cracks. The results of
analyses indicated +that the overall stability dis most
sengitive +to toe configuration, weak clay bed appearing at
the basin margins, and orientation of wmajor structural
elements. Design considerations for multi-bench sidewall
slopes, highwalls and individual benches are discussed with
the consideration of the initial pit design plan proposed by

Turkish Coal Enterprises.

Keywvords Slope stability, Eskihisar strip coal mine,

Back analysis, Failure mechanisw, Limiting
equilibrium, Sensitivity analysis, Design
evaluation.

Science Code 606. 04. 01
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OZET

ESKIHISAR (YATASAN-MUSLA) KOMUR AGIK ISLETMESINDE
JEOTEKNIK DESERLENDIRMELER VE ISLETME SEVLERININ
DETERMINISTIK YONTEMLERLE TASARIMI

ULUSAY, Regat
Doktora Tezi, Jeoloji Mihendislidi B&liémil
Tez Y8netcisi : Prof. Dr. Vedat DOYURAN
Eylil 1991, 340 sayfa

Bu caligmada, Eskihisar komir agik igletmesinde
yUzeylenen litolojik birimlerin jeoteknik ©&zelliklerinin
arastirlmasi, sev duraysizliklarainain nederilerinin ve
mekanizmalarinin belirlenmesi, duraysizlik sirasinda kayma
ylizeyleri boyunca etkin olan makaslama dayanimi
parametrelerinin saptanmasai ve glivenli ve ekonomik maden
isletmeciligi igin optimum sev parametrelerinin

arastirailmasi amacgclanmistar.

Paleozoyik(?) sistler ve Mesozoyik(?) mermerler wmaden
sahasinain temel kayacglaraini olustururlar. Turgut, Sekkdy ve
Yatadan formasyonlarindan olusan Neojen g¢ikelleri temel
kayaglari lUzerinde uyumsuz olarak yeralmaktadair. Maksimum
kalainlaigda 20 m olan kémilr zonu seviyesi Sekkdy formasyonunun
tabanainda bulunur. Tiim birimler normal faylar ve gok sayida

eklemler tarafaindan kesilirler.



Jeoteknik etidler, karotlu =sondajlara ve litolojik
birimlerin walzeme, slireksizlik ve kltle 8zelliklerinin
tayini amaciyla yerinde ve laboratuvarda yapailan test
caligmalaraina igermektedir. Ayraica yeraltisuyu tablasa
Slglmleri, gevlerde hareketlerin izlenmesi ve cesitli
duraysizlaik modellerinin geriye donik analizleri de
gergeklegtirilwigtir.

Sev duraysazliklarai yapaisal ©bzellikler tarafaindan
denetlenen, baglica g¢ok dizlemli ve diizlemsel wmakaslama
kaymalara ve kiiglk 6lgekli kama tipi kaymalar seklindedir.
Zeminlerde ve oldukga eklemli kayaglarda kiitlesel yenilmeler
gelismektedir. Laboratuvar makaslama testleri ile saptanan

parametreler igletmede karsgalasilan duraysazliklarain geriye

donik analizlerinden elde edilen deferlerle
karsalastairilmigtar. Sonuglar, duraysazlak sirasinda
slireksizliklerin ve zeminlerin artak makaslama

dayanimlarainin etkin oldufunu g8stermistir.

Duraylilak analizleri, kinematik yaklasaimlari ve kuru
ve suya doygun sevlerle birlikte gerilim gatlaklarainin
etkilerini de igeren limit denge analizlerini kapsamaktadir.
Analizlerin sonuglari, nihai gev duraylilaifainin topudun
konumuna, havza kenarlarainda gbriilen zayaf kil tabak381ﬁa ve
ana yapisal elemanlarain ybnelimine karsa g¢ok duyarla
ocldufjunu géstermistir.Gok basamaklai kalici kenar gevlerinin,
yiiksek sevlerin ve minferit basamaklarain tasarimaiyla ilgili
hususlar, Tirkiye Kémiir Isletmeleri tarafaindan &nerilen ilk

tasaram plani dikkate alanarak tartaisailmaistar.

-

Anahtar Kelimeler

Sev duré&llllgl, Eskihisar kgﬁﬁr agik
igletmesi, Geriye dénilik analiz, Yenilme
mekanizmasi, Limit denge, Duyarlalak
analizi, Tasaraim deferlendirmesi.

Bilim Kodu 606.04.01
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CHAPTER 1

INTRODUCTION

1.1. Purpose and Scope

The cost of 0il has increased substantially over the
last decade. As a result, electric pover generated from oil
and gas has placed other alternative means of pover.
Accordingly, increasing emphasis is now being placed on the
use of coal to generate electricity. In wany of the
countries, like Turkey, major economic pressures are
developing subsequently to explore these deposits for +the
generation of power. These include a number of large lignite

deposits which are being developed by strip wining methods.

In order to minimize the cost of power and to wmaximize
the economy of mining it is essential to control the rock
mass stability as mining operations progress. In order to
maintain the continuity of the production design engineers
should evaluate the stability of slopes, and in particular
the stability of highwalls in strip wine projects.

Since the commencement of mining in the strip coal mine
at Eskihisar (Yatadan-Mu@la), where thermal cocal is being
produced for Turkish Electricity Authority’s powver
generating plant, some stability problems have been faced
both in working benches and in permanent slopes. As mining
of strips advanced southwards, instability appeared to be
more serious due to the movements of +the slopes adjacent to
the state highway running parallel to the pit boundary. This
situation increased the importance of a successful re-~design

of pit slope based on detailed geotechnical considerations.



The purpose of this investigation is to study the
geological and structural features of the pit and its close
vicinity; to determine the geomechanical parameters and
geotechnical properties associated with both the intact rock
material and discontinuities which govern the stability of
slopes; to assess the general hydrogeological
characteristics of the pit area for stability
considerations; to identify the mechanisms and modes of
instability by monitoring slope movements and by carrying
out back analyses of old and monitored slope failures; to
predict rock mass strength of weak and blasted highwall
material wuwtilizing empirical criterion for analyzing mass
failures; +to assess kinematically possible failure modes
involving structural discontinuities in different design
sections; and finally, to conduct stability analyses based
on deterministic approach for the safe slope design with the
consideration of operational constraints and of the possible

advantages of remedial measures.

The investigations were conducted in four stages. 1In
the first stage extensive literature survey and the desk
study which included collection of previous data and reports
written for the site vicinity and published literature on
strip coal mines and related stability considerations vere

carried out.

The second stage of investigations included the field
wvork which started in June 1989 and continued until the end
of November 1989. However, in 1990, previous field work vas
also Isupported by short-term studies conducted in +the pit
for the purposes of additional data collection and
monitoring. During this period, large scale geological and
documetation wmaps were constructed; the scan-line surveys
carried out along pitwall faces and discontinuity parameters
from 59 scanline stations were entered in data sheets; the
long-term wmonitoring using optical prisms was conducted at

two unstable locations in the pit and observations were



performed in previously failed slopes to assess the failure
mechanisms. Besides, nine fully cored boreholes were drilled
down to the base of the coal seam and then each borehole was
geotechnically logged. Groundwater data were obtained from
the available boreholes and blastholes, and from the
standpipe piezometer installed in a geotechnical borehole.
Schmidt hammer tests were also carried out in the field on
undulating bedding surfaces to assess their shear strength
parameters. Undisturbed block samples and borehole cores
vere taken from each of the wmajor lithologies and

discontinuity surfaces.

The third stage of investigations involved an extensive
laboratory testing. Uniaxial and triaxial tests were carried
out on samples prepared from existing cores. Index
properties of soils and rock units, such as unit weight,
vater content, Atterberg limits, grain size distribution and
slake durabilty index wvere also determined. Multiple-
reversal shear box tests were performed both on soil
materials and discontinuity surfaces to determine their
shear strength parameters. Finally, rock mass strength was
assessed by employing empirical failure criterion in

conjunction with rock mass classification.

The fourth stage of studies involved detailed stability
analyses for safe slope design. Several failures, using the
information gained from the monitoring and observations,
have been back-analysed to assess the failure mechanisms and
the results obtained were compared with +the laboratory
derived shear strength parameters. Pit slopes, grouped into
nine design sectors, were analysed to assess kinematically
possible failure modes involving structural discontinuities.
Finally, design of pit slopes within safety and economical
limits stability of highwalls, wvworking benches and permanent
slopes vwere analysed by wutilizing two-dimensional limit

equilibrium methods based on the deterministic approach.



Different computer programs have been developed by the
author for stability calculations of several failure modes
and for determination of the rock mass strength using the
empirical criterion proposed by Hoek and Brown (1988). IBN
4331 type of main frame computer has been used during

analyses.

1.2. Location and Accessibilty

The study area, Eskihisar strip coal mine, is located 8
km west of Yataljan (Figure 1). The area, covered by 1:25000
scale topographic map of Aydin-N20-a4 sheet, is about 36 km
to Mujla and 32 km to Milas and surrounded by hills from

west, northeast and south. The site is accessible throughout

the year through asphalt paved Yataffan - Milas state
highway, wvhich follows the southern boundary of the
pitwalls.

The closest settlement to the site area is Eskihisar
village vhere ancient ruins called "Straenikea" wvere
located. The wvillage had been evacuated due to mining
operations. It is now under the protection of the Ministry
of Tourism. Other settlements include Sahinler and the town
of Yatalan at the east, Bajcalar village and town of Turgut
at the north and Yeni Eskihisar village at +the southwest.
The roads connecting Yatafan to Sahinler, Turgut and to Yeni
Eskihisar are asphalt paved, vhereas betveen Eskihisar and

Badcailar, the road is unpaved.

Boundaries of the study area were determined in
accordance with the direction of advance of the pit to the
west and to the north, locations of the state highway and
spoil pile areas, and the permanent slopes planned in the
corridor between Eskihisar and Ba3calar. In this manner, it
was aimed to investigate the stability problems of the
existing pit and the future excavation areas. For this

purpose, the area of detailed study is decided on the
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basis of 1:2000 scale production plan covering the existing

pit and its vicinity.
1.3. Previous Investigations

Previous investigations at +the study area wvere
performed for the purposes of general geclogical interests
and evaluation of lignite potential. The majority of +the
geological studies were conducted as regional inveastigations

around Mu¥la including Yatadan and its vicinity.

The earliest geological investigation at the study area
vas performed by Abdisselamoflu in 1965. He prepared a
geoclogical map at 1:100.000 scale involving Yatafan and its
vicinity. He suggested that the basement rocks, consisting
of wmicaschist, calcschist and marble at Eskihisar area,
probably belong to Paleozoic(?) and Mesozoic(?),
respectively. Neogene deposits of continental facies were
differentiated as conglomerate, sandstone, clay and

lacustrine limestone.

Platen and Bering (1966) constructed a geological map
at the scale of 1:33000 between Eskihisar and Turgut. In
this study +two +types of deposits, as river and 1laeke
deposits, were distinguished. They wvere’' the first to
differentiate +the detritic facies of lake deposits which
crop out along’the basin margins. This unit was described

as conglomeratic travertines.

First detailed dinvestigation involving geology and
biostratigraphy of the area was conducted by Becker-Platen
(1970) in Mu¥dla and Denizli regions. According to his study,
Neogene in Eskihisar area consists of three formations as
Yatafian formation (fluviatic), Sekkdy formation (fluviatic)
and Turgut formation (limnic-fluviatic). He also claimed
that the detritic facies of Sekkby formation along the basin

margins vas represented by conglomeratic travertines,



laterally grading into the main lake sediments. Moreover, he
recognized thin and local transition zone deposits between

Yatagan and Sekkdy formations.

Yiicelay (1970) studied the stratigraphy, tectonics and
lignite potential of +the Neogene deposits within the
corridor lying between Eskihisar and Baydcailar. He
distinguished the boundary between the basement rocks and
Neogene deposits. He proposed the stratigraphical sequence
in +three major sections as : (1) fluviatic deposits
{equivalent of Turgut formation), (2) lake deposits
(equivalent of Sekkd8y formation), and (3) fluviatic deposits
(equivalent of Yata3jan formation). He also distinguished the
crystallized sandy limestones and conglomerates along the
basin wmwargins from the lake deposits and claimed that the
faults, which were active prior to Neogene, have formed the

basin which is then filled with Neogene deposits.

Atalay (1980) studied the Neogene stratigraphy of
Mugdla, Yatafan and Milas. He argued +that two formations
named as Eskihisar and Yatadan were recognized in the study
area and both were formed from river and lake deposits. 1In
this study the fossils identified suggested that the Sekkdy
and Turgut members of Eskihisar formation belong to Middle

Astracian and Late Astracian, respectively.

Denizli and Mudla Neogene sequences were investigated
by Gdkgen (1982) in terms of their litho-chrono-stratigraphy
and ostracoda biostratigraphy. 1In conclusion it vas
understood that although the lover marine parts of Neogene
can easily be correlated with the Tethys province by
ostracodas, the upper continental facies has some
similarities, but a sound correlation among continental

fauna seems difficult.

The first coal exploration in Eskihisar coalfield wvas
carried out by Engin (1965) as a general prospecting study.



This study was followed and extended by Benda (1967). Three
boreholes were drilled to investigate the position of coal
seam. Benda estimated +that coal reserves were 20 to 40
million tons in Eskihisar area. He also pointed out that the
locations of the state highway and the historical ruins in
Eskihisar village would cause sowme problems and restrictions

during future mining operations.

The detailed studies aimed to explore the lignite
potential in the corridor between Eskihisar and Bafcilar
wvere conducted by M.T.A. geologists under the management of
Gokmen (1975). In this study, a large area between Eskihisar
and Turgut was mapped at the scale of 1:10000, totally 170
boreholes vere drilled, and Neogene deposits vere
distinguished according to their lithological differences.
Gékmen also indicated that the approximate minable thickness

of coal seam ranged between 15 m and 20 wm.

Has, et al. (1975) estimated the coal reserves based
on the information obtained from detailed studies conducted
by GBkmen(1975). According to their reserve estimations
based on the methods of poligon and isopach, extractable

coal reserves through open pit mining was 106.159.000 tons.

Dewmirok (1878), based on the available geological
information re-evaluated +the reserve estimations for

prefeasibility studies.

Position and extend of the coal seam at the western and
northeastern parts of the current open pit, where excavation
has not been started yet, were examined by a M.T.A. team
(Kasap and ﬁnal, 1987 a and b), through a total of 41
boreholes, which were not fully cored. The study pointed out
that the coal seam gets thinner and the dips of individual

layers increase towards the basin margins.



Two hydrogeological studies were performed in Ithe
vicinity of Yatafan and Eskihisar coalfield. Ersoy (1937)
investigated the irrigation water potential of the alluviums
of the Eskihisar stream.

Canik (1975) +tried to determine the hydrogeological
parameters of the lithological units, such as hydraulic
conductivity, +transmissivity and coefficient of storage,
through pumping tests around Eskihisar village. He concluded
that the coal seam is permeable only in zones where 1lignite
was Zfractured. The marls overlying coal seam contain some
groundwater. He also suggested that sudden inflows were not

anticipated from the deposité overlain by the coal seam.

The only investigation involving rock mechanics tests
at the Eskihisar coal strip wmine was carried out by
Pagamehmetodlu, et al. (1988). This study was performed to
investigate the diggability, rippability and blastability
characteristics of 1lignite and compact marl in the
overburden. For +this purpose, unijiaxial and triaxial
compressive strengths, elastic constants, unit wveight,
hardness, tensile strength and slake durability index of
the samples were determined. Diggability and rippability
classification, equipment selection and cost analysis, based

on the experimental results, were introduced.



CHAPTER 2

PHYSIOGRAPHY

2.1. Topography and Drainage

General topographical characteristics of the study area
are still distinguishable in spite of the excavations
performed and spoil piles created as consequences of
continuous wining operations. The study area is located
within a depression starting from northwest of Yatagan
extending in the southwest direction toward Mufla. The area
is connected with the main depression at the east and the
northwest through a passageway and a corridor, respectively.
Consequently, the study area is developed in the form of an

"L" shaped basin.

A large part of the site vicinity is characterized by
undulations and flood plains. Average elevation ranges
between 400 m and 450 m. Elevations exceeding 800 m along
the basin margin are uncommon. The prominent hills of the
site vicinity include Aldag (776 m.), Yeldefirmen (635 m.),
and Hiirlek (804 m.) (Figure 2).

In the study area the typical drainage pattern is
dentritic. Most streams are intermittent and flow only after
heavy rains. The main streams of the basin include Delidwmer,
6meroglu, Kenker, Sartlan and Sarigay (Figure 2). In the
scarpland areas, after readjustment to the structure, the
streams follows main faults (Plates 1, 2). In this system
consequent streams cut at right angles all the cuesta scarps
of the résistant basement rocks and form shalow "V" shaped

channels.

10
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2.2. Cliwmate and Vegetation

The climatic characteristics of Mediterranean Region,
hot and dry summers and warm and rainy winters, prevail
throughout the study area. The precipitation is in the form
of rain. Meteorological station at Yatajan is the only
station closest to the pit. The precipitation records for
the period 1971-1981 are evaluated in the form of average
monthly precipitation histogram (Figure 3). The highest
precipitation occurs during winter and spring and the lowvest

during July and August.

The study area is poorly vegetated. Only the hillse
surrounding the depression are covered by lemurs and pine
forests. The plains, where mining operations have not been

extended yet, are used for agricultural purposes.

12
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CHAPTER 3

CURRENT MINING PRACTICE

The Eskihisar coal mine (Figure 4) operated by Turkish
Coal Enterprises (TKI) produces thermal coal for 3x210 MW
Yatagan Power Station of Turkish Electricity Authority
(TEK). The mine has been operating since 1984 and produced
approximately 3.5 million tons of lowver calorific value cosl

annually. The stripping ratio in the present pit is 4.34:1.

The Eskihisar coalfield contains only one coal seam
which is flat, tabular and relatively uniform in thickness.
Besides, the overburden thickness is relatively small and
thus the coal was planned to be exploited by strip wining
technique. Standart dragline stripping methods are employed
to uncover the coal in Eskihisar open pit. A single
dragline, Marion M8050-36 with a 92 m boom and S50 m3 bucket,
is scheduled to remove about 20-25 m overburden above the
coal seam. Dragline operates from the top of highwall and
works the overburden on its own level. The overburden
material excavated is dumped into the void created by the
previous strip. The stripping sequence consists of "key cut”
removal and then final cut is stripped. Typical range of
dragline vwith plan view and section of a single coal seam
stripping operated in Eskihisar open pit are illustrated in
Figure 5. A bulldozer assists in preparation of the
dragline’s tub seat, levelling the roll, pulling electrical

cables and other miscellaneous operations as required.

To minimize handling costs highwalls are made as steep
as practicable, with angles of slopes ranging between 55° to
70¢, The inner spoil piles, in which local failures occurred
during the period of site investigation, are constructed of
their angle of repose, viz. 30°-35°, The height of the spoil
piles ranges between 20 to 30 m.

14
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Highwalls and advance (working) benches are oriented
roughly north-south, in widths of 80 m and a lenght of about
1200 m and advancing to the west (Figure 6). But, this
direction is thought to be reoriented east-west at the
northern part of the actual pit, B&rlkeldizl location, where
the depth of overburden decreases and the basin becomes

narrower.

Permanent slopes invelving several benches are planned
to be constructed parallel to basin margins in the west and
east and adjacent to the highway. Instabilities, noted in
Figure 6 and Plate 1 indicate that certain areas of the pit,
especially slopes adjecent to the highway, are susceptible

to failures.

Geometry of advance benches are variable with angles
ranging between 60° to 70° and heights from 10 to 12 m.
Material rehandled from advance-bench stripping, which is
carried out by 15 yd3 PH2100 excavators, is transported by
CAT 777 trucks with a 85 short tons capacity, to the outside

dump areas adjacent to Milas-Yata3an highway (Figure 6).

Coal is mined by two electrically operated BHS1900
excavators with a bucket capacity of 10 yd3 and then
transported from the pit to screening plant of the powver

station by Terex 34-11 C trucks having 150 short tons

capacity.
Three Reedrill mwachines with a maximum drilling
capacity of 30 m are used for blasthole drills. Vertical

holes, 9 inch in diameter and approximately on 10 m x 10 m
grid, are drilled and the overburden is loosened by means of
technical amonium nitrate. The shock caused by blasting is

not violent.
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The position of the houlroad was planned so as to cut
over the coal reserves at the narrowest extent of the pit,
but was governed by the location of the screening plant of

the power station.
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CHAPTER 4

SITE GEOLOGY

The geological investigations are carried out within
the area shown in Plates 1 and 2. Detailed geological
investigations of the region for solving basic geological
problems have not been aimed in this study. Special emphasis
was placed on the actual pit and its close vicinity where
mining will advance in the near future. However, information
gained from the early regional geological studies were also
utilized for the evaluation of local geology and for the

interpretation of major structures.

At this stage of the investigation, geological mapping
was carried out to confirm 1lithological boundaries and

principal discontinuity systems. 65 lump samples collected

from different locations, where visual lithological
description is difficult and/or suspicious, have been
petrographically analysed in M. T.A. Laboratories. The

locations of these samples are shown in Plate 3 and the
results of petrographical and mineralogical analyses are

summarized in Table A.1 of Appendix A.

The overall rock and soil colour is difficult to
guantify and unaided assessments can be very misleading.
Therefore, Munsell Colour Charts of Geological Society of
America (1963) were used throughout the study to avoid

subjective colour descriptions

4.1. Geological Mapping

The geological maps of the site vicinity prepared by

previous investigators (Abdiisselamoflu, 1965; Platen and

20



Bering, 1966; Becker-Platen, 1970; Yiicelay, 1970; Gokmen,
1975) are small scaled and do not include details required
for geotechnical investigation. Additionally the formations
and/or 1lithologies have also been identified and described
in a rather broad manner. Thus a new geological map of the
site area given in Plates 1 and 2 has been prepared by the

author to suit the requirements of the study.

Geological mapping of the site vicinity was conducted
in two stages. In the initial stage, the geological map of
the existing pit at the scale of 1:2000 was prepared (Plate
1. For this purpose the open pit production plan prepared
by TRIidn August, 1989 was utilized. The second stage
required a more general geological field wmapping at the
scale of 1:5000 (Plate 2) of an area covering the pit and

its vicinity.

Premining aerial photoghraphs were alsc utilized to
obtain an overall impression of the geological condition and
to clarify some uncertainties encountered at the basin
margins which are covered by dense vegatation. Lateral
continuity of the major structural features such as faults
recognized in the pit, were also determined through the use
of previously prepared borehole logs (G&kmen, 1973; Kasap
and Unal, 1987 a, b).

On 1:2000 scale geological map, directional data of
bedding and joints are noted in closely spaced form to
reflect +the variations in their orientation in different
localities. Besides, considering the important role played
by the faults on the stability of slopes, all primary and

subordinate faults are also indicated on the same map.
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4.2. Stratigraphy

The Paleozoic(?) schists and Mesozoic(?) marbles
constitute the basement rocks of the area. These are
uncomformably overlain by Neogene deposits, comprising
Turgut, Sekkdy and Yatadan formations (Figure 7)s

Descriptions of these wunits are given in the following

sections.

2.1. Basement Rocks

The basement rocks surrounding the study area are
represented by schists and marbles. Description of these

units are summarized in the following sections.

2.1.1. Schists

The oldest rocks of the study area include schists of
Paleozoic(?) age (Yticelay, X970 Gékmen, 1975; Atalay,
1980). They crop out only in the valleys and along the
ridges at the south of the state highway (Plate 1) and form
the southern extention of the Menderes Massif (Yiicelay,
1970} . Generally similar colour tones, such as ’‘dark gray-
N4’, 'greenish black-5GY 2/1’ and ’grayish olive green-5GY
3/2' are differentiated by use of Munsell Rock Color Chart.

Based on the petrographic identification of the
samples collected from outcrops and boreholes, the rock is
named as micaschist, which is ieh in biotite and
occasionally possesses characteristics of a calcschist. The
thickness of the rock is unknown. Schistosity is well
developed in NE-SW direction. Marble bands are uncommon.
Schist and marble transition is also recognized in borehole
JT9. Due to this and the presence of dense vegetation the
boundary between the two is not quite clear (Plates 1 and

2).
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4.2.1.2. Marbles

The dominant basement rock surrounding the basin is
marble. The best outcrops of this rock are observed along
the hills in the northeast of Alday, in the west of
Kurukiimes and Hiirlek, and along the ridge in the southwest
of the highway. In spite of some uncertainities, an age of
Mesozoic(?) has been assigned to this rock unit
(Abdisselamoglu, 1965; Becker-Platen, 1970; Ylicelay, 19709;
Atalay, 1980). The thickness of marbles is not known.

White (N9) and occasionally light gray (N7) marbles are
coarse crystallized, strong and massive. However, at the
rock exposures close to the surface, the rock is
occasionally easily crumbled in the form of sugar crystals
due to weathering. The other distinguishable property of the

rock is that it produces bad smell when struck by hammer.

Thus, the rock is named as "dolomitic marble" by Ersoy
(1957). Based on petrographic identifications the rock has
been named as "marble"”, "quartz-serisite marble" and

"micromerocrystalline limestone”.

Joint systems in the rock mass are distinct and can be
observed clearly in the quarry situated at the west-central
hills of the basin (Figure 8). No karstic features have been
detected on exposures. However, in some of the boreholes,
JT1 and JTS, small and partially calcite filled solution

cavities have been observed.

It is rather difficult to distinguish the boundary

between the marbles and the limestones of Sekkdy formation

due to their similar surface expressions and dense
vegetation cover. However, the marbles show distinct
crystalline texture and produce smell vwhen broken. The

darker tones produce by marble outcrops on the aerial
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Figure 8: View of a marble quarry located at the west
of existing pit (Photo. No.2).
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photographs were also helpful in distinguishing the boundary
between +the two units. In this manner, boundary of the two
rock units is drawn more accurately then those of the

earlier prepared maps.

4.2.2. Neogene Deposits

The Neogene deposits are confined to a depression
extending approxiametely in the NW-SE direction from Gine to
Mujla. Some of the previous investigators(Becker-Platen,
1970; Atalay, 1980; Gdkgen, 1982; Gdktas, 1989) included the
Neogene deposits within the Mugdla group and distinguished
various formations. At the site vicinity three formations
were distinguished. From oldest to youngest, these are
Turgut (Tmt:Limnic-fluviatile deposits), Sekkdy (Tms: Limnic
deposits containing coal), and Yatagdan (Tmy:Alluvial fan

deposits) formations.

4.2.2.1. Turgut Formation

The formation is named after Turgut town where best
exposures are observed. It transgressively overlies the
basement rocks. At the site area only the upper levels of

the formation are exposed.

The formation is very dark gray (3Y 3/1), dark gray
(2.5Y 4/1), black (5Y 2.5 5/1) and olive gray (5Y 4/2). It
consists of thin bedded plastic clay, moderately dense
clayey silts containing thin coal seams at its uppermost
levels. Locally wmedium dense sand lenses and fine gravel

alternations may also be observed.
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Black, highly plastic clay of 5 to 10 cm thick is first
noted by the author at some unstable benches in Ertrans
section (Figure 9) and within several boreholes drilled in
the southern part of the pit. The clay is mostly situated
very close to the basement rocks and due to transgressive
overlapping along basin margins its thickness ranges between

5.cm to 20 cm.

At the lower levels, the sequence grades through fine
grains into quartz, gravels and coarse clastic elements
(Becker-Platen, 1970; Gokmen, 1975). At locations where the
thickness of the sequence decreases, fragments of the
basement rocks are also noted. The 1light coloured mica
flakes (muscovite) observed in dispersed form are the most

distinguishing feature of the sequence.

Based on the borehole data, thickness of the formation
ranges between 0.2 m and S m in locations very close to the
basin margins. Gokmen (1975) reported that the thickness is
more +than 180 m at the northeast of Bajcilar. Based on the
fossil determinations an age of Middle Miocene was assigned

to this formation (Atalay, 1980).

4.2.2.2. Sekkdy Formation

The formation starts with a coal seam and continues
with the main Sekksy formation (Tms), the detrital facies at
the basin margins (Tmsl) and the transition =zone deposits
(Tms2 ). This subdivision is based on the observations of the
author as well as the findings of previous investigators
including Platen and Bering (1966), Becker-Platen (1970),
Yiicelay (1970), Gékmen (1975) and Gbktasg (1989). The age of
the formation is Middle Miocene (Becker-Platen, 1970;

Atalay, 1980).
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Figure 9: A view of the black clay, closely located
to basin margins and a plane failure de-
veloped along the clay (NE of Ertrans sec-
tion; Plate 3-Photo. No.3).
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4.2.2.2.1. Coal Seam

The coal seam corresponds to the base of Sekkdy
formation and comformably overlies the Turgut formation. 1t
can only be observed in slices (strips) when the overburden

is removed.

The type of the coal is lignite with a low calorific
value. It is very dark brown (10YR 2/2) and strong in its
original state and starts to crumble and turns to black when
it loses its moisture. The coal seam is overlain by compact
marls of the main Sekkdy formation. The boundary between the
two is distinct (Figure 10). At. dts. lower boundary,
alternations of thinly bedded clays and clayey silts with
coal +traces are common. There is only one coal seam.
However, it is rarely posibble to encounter thin coal seams
up to 1 m thick below the main coal seam as identified in

the boreholes JT2 and JT3.

The coal mined is classified as "ksiolite lignite” and
"board lignite (woody lignite)" according to the coal
classification systems of Duparque and Francis, respectively

(Gékmen, 19795).

The coal showe distinct bedding and joint sets. The
thickness of the coal ranges between 15 m and 20 m in the
central part of the Neogene basin, but its thickness
decreases towards the basin margins. The position and the
extend of the coal seam in different directions are shown in

cross sections given in Plate 4.

Based on the Mollusca fossils an age of Middle MNiocene

was assigned to the coal seam (Atalay, 1980).
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Figure 10: The coal seam and its dlstlnct
upper boundary (South of Ozde-
mirler section; Plate 3-Photo.
No. 4).
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4.2.2.2.2. Main Sekkdy Formation (Twms)

This sequence forms the largest part of the Sekkdy
formation and extends from south to north within the
Eskihisar-Bagcilar corridor (Plates 1 and 2. It &8 well
observed in the pit and occasionally crops out in the stream

beds.

The sequence conformably overlies the coal seam. At the
bottom, it is composed of grayish olive (10Y 4/2) and light
olive (10Y 5/4), medium to thick bedded compact marls
(Figure 11). The marls occasionally contain very small
lignite fragments close to the coal boundary. Locally
claystone and silstone layers ranging between 1 to 10 cm
were recognized in some boreholes and on the pitwalls.
Towards middle, compact marls grade into thinly laminated
marls of the same colour. Towards top, the sequence grades
into an alternation of moderately hard clayey limestone,
poorly consolidated claystone and marl beds of thickness
ranging between a few centimeters to 20 cm (Figure 12). This
working benches at higher elevations in the west and in
unexcavated area (Plate 1). Pale greenish yellow (10Y 8/2)
and pale olive (10Y 6/2) clayey limestones contain
Gastropoda fossils. Based on the thin section studies, the
rock is classified as a "micritic clayey limestone"
containing cyrptocrystalline calcite minerals ranging
between 70 to 90%. The marls are mostly thinly laminated.
Due +to variations of the clay and carbonate contents
transition between marls and limestones is very common.
Light olive gray (5Y 6/2) and olive brown (2.5Y 4/4)
claystones are evaluated as clays in engineering sense. They
soften and possess highly plastic characteristics

particularly when they come into contact with water.

31



Figure 11: A viewv of the medium to thick
bedded compact marls in main
Sekkdy formation (Length of
tape: 1.25 m; Plate 3-Photo.
No. S).

32



In the uppermost levels of this alternation, in
Ozdemirler section and in the working benches farther west,
locally deposited micritic limestone nodules and moderate
yellowish brown (10YR 5/4) sandy limestones (Figure 12) are
recognized. The sandy limestones are deposited in the form
of lenses, pockets and locally extended beds of varying
thicknesses. They are generally very hard and locally very
weak and can be crumbled by hand. Petrographical analyses
indicate that fragments of micritic limestone and other
rocks are embedded within a matrix of small calcite

crystals.

Small scaled local foldings due to the plastic
behaviour of +the 1lithologies and ravelling are common
(Figure 13). The thickness of the whole sequence ranges

between S5 to 90 m. (G&kmen, 1975).

4.2.2.2.3. Detrital Facies of Sekkdy Formation (Tmsl)

Sekkéy formation is represented by a detrital facies
along the slopes formed by basement rocks (Plate 2). This
facies was decribed in a different manner by previous
investigators as travertine and slope debris (Platen and
Bering, 1966), conglomeratic travertines being transited
with Sekksy beds (Becker-Platen, 1970), conglomerates and

sandy limestones of pre-Neogene overlapping the marbles

(Yicelay, 1970), and conglomerates and sandy limestones of
Yatagan formation (Gokmen, 1975) . Based on the
stratigraphical relations with other formations and

correlations between the previously drilled boreholes at the
basin margins this facies is included within the Sekkdy
formation as its detrital facies. Besides, this argument is
also confirmed by the studies of Géktag (1989) wvho is
presently studying the stratigraphy and sedimentology of the

Neogene basins in Mudla and Denizli region.
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Figure 12:

Alternation of thinly bedded limestone,
claystone and marl in the upper levels

of main Sekkdy formation (Tms) and sandy
limestone pocket (Slm) (Scale: Rock co-
lour chart and pen; Ozdemirler section;

Plate 3-Photo. No.6).

Figure 13:

A view of local folding and ravelling deve-
loped in the uppermost alternating sequence

of main Sekkdy formation (Plate 3-Photo.

34
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This facies transgressively overlapping the basement
rocks, and laterally transitional to the main Sekkiy
formation (Plate 4 - Sections I, 1v, N, NIk This
stratigraphical relation is well observed along the Delidmer
stream. The best outcrops are observed in the northern part

of energy supply building and along the highway cuts.

At the lower levels, the sequence is composed of very
light gray (N8), yellowish gray (3Y 7/2) and pale yellowish
orange (10YR 8/6), well cemented, generaly hard
conglomerates. The rock contains angular and subrounded
fragments of micritic limestone, marble and fewer schists in
a calcareous matrix. As observed in the cores of borehole
JTS, very small solution cavities can be recognized. The
cementing material is weaker in the northeast Ertrans
section. The upper levels are composed of micritic
limestones containing microfossils. Bedding in limestones is

more distinct than in conglomerates.

Géktas (1989) argued that this facies is the detrital
product of the tectonic activities associated with the
margins of Eskihisar-Bagdcilar depression resulting from
graben tectonism initiated in early Miocene. The maximum
thickness of the sequence is determined as 60 m (Ylicelay,

1970).

4.2.2.2.4. Transition Zone Deposits (Tms?)

The presence of a transition zone wvwas first reported by
Becker-Platen (1970). He pointed out that a thin transition
due to mixed deposition, in some locations between Yatafan
and main Sekkdy formations, can be observed. Based on the
similarities of clays and colour tones identified in both

the wmain Sekkdy formation and in this zone, stratigraphic
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relations and differences in colour from the typical tile
colour of Yatadan formation reflecting the effects of
paleocoxidation (Géktas, 1989), the zone is first included in

the Sekkdy formation and named by the author.

The transiton zone is mainly composed of olive gray (3Y
SL200 poorly consolidated claystone and clayey and sandy
siltstone alternations and occasional medium dense sand
lenses and/or pockets. The sequence contains light coloured
mica flakes. The dominant type of deposit in the sequence is

claystone.

A very thin and poor quality coal seam of thickness
ranging between 0.5 m to 1 m comformably lies at the bottom
of the zone. This bed can be used as a marker to distinguish
the boundary between the transition zone and the main Sekkdy

formation (Figure 14).

Based on the measurements carried out in borehole JT9,
in previous boreholes and the faces of pitwalls, the

thickness of the zone ranges between 20 m to 25 m.

4.2.2.3. Yatadan Formation

The best outcrops of this formation are observed around
Yeni Eskihisar village. The formation extends in the NE-S5W
direction at the southern boundary of the actual pit (Plates
1 and 2). Becker-Platen (1970), Yticelay (1970) and Atalay
(1980) described the formation and reported that the
deposits of the sequence represent a fluviatil environment.
However, Goéktas (1989) argues that they are originally
alluvial fan deposits. Yatagan formation (Figure 153
comformably overlies the transition zone and detrial facies

at the basin margins.
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MC

Tms

Figure 14: A view from the transition zone deposits

(Tms? ) and the thin marker coal seam (MC)
lying on the main Sekkéy formation

(Tms)
(South of 17th slice;

Plate 3-Photo. No.8).

Figure 15: A view from a stable bench (18 m high)
constructed in

massive sandstone of
Yatagan formation

(Plate 3-Photo. No.9).
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The most distinguishable feature of the formation is
its moderate yellowish brown (10YR S/4), light brown (SYR
5/6) and dark yellowish orange (10YR 6/6) colour tones. The
formation is mainly represented by sandstones (Figure 15).
Based on the thin section studies calcite, plagioclase,
biotite and volcanic rock fragments are embedded within a
calcareous matrix. The rock is classified as "calcarenite".
It is generally massive and moderately strong. At shallow
depths, however, it is weaker due to weathering. Bedding is

rather difficult to recognize and jointing is indistinct.

Orange, moderately cemented and poorly graded
conglomerates containing limestone, marble and fewer schist
fragments and blocks of different dimensions may be observed
at the wupper levels. They occur in the forms of lenses,
banks and channel fillings. The gravels are angular close to
the basin margins <(north slope of Delidmer Stream) and
rounded elsewhere. The maximum thickness of conglomerates is

2 m,

Sandstones occasionally include tuffite intercala£ions.
This material is the deposition product of ashes transported
by wind from Bodrum Peninsula where a volcanic activity had
been initiated during late Middle Miocene (Ercan, et al,
1984; Gbtktag, 1989). Tuffites are composed of fragments of
volcanic rocks, idiomorphic micas cemented with volcanic
glass and partly transformed into carbonates and clay

minerals.

The deposits representing the Yatafan formation in the
study area is equivalent of the Bayir member of Atalay
(1980) and Ctktas (1989). Based on the information gained
from +the previcus borehole logs, the maximum thickness of
the formation 1is approximately 50 wm. Based on the
paleontological determinations an age of Late Miocene vas

assigned to this formation (Atalay, 1980).
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4.3 Structural Geology

Considering the important role of discontinuities on
the stability of slopes, the structural features of the
study area were investigated through systematic surveys. The
scanline mwethod, discussed in detail in Chapter S, was
employed for measuring the orientations of discontinuities
on pitwalls, outcrops and in stream beds. The data were then
evaluated in terms of rose diagrams employing a computer
program named EAPR developed by the Geological Engineering
Deparment of Hacettepe University. The structural geology of
the site are discussed under five headings as faults,
joints, bedding, schistosity and unconformities. Physical
and mechanical properties of the discontinuities are

discussed in detail in Chapter S.

4.3.1. Faults

The region including site vicinity gained its
structural skeleton through Neogene (G&kmen, 1ATSY. Thus
based on the previous studies (Becker-Platen, 1970; Yucelay,
1970; Goékmen 1975) and observations performed by the author
the faults were categorized into two groups as pre-Neogene

faults and Neogene faults.

4.3.1.1. Pre-Neogene Faults

Yicelay (1970), Gskmen (1975) and recently Gdktas
(1989) argued that the tectonic activities at the site wvere
controlled by the graben tectonism. They also pointed out
that the lateral boundary between the basement rocks and the
Neogene deposits corresponds to the boundary of a graben as

well. Steep slopes identified on the wall-like contact at
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the northeast of the pit may be evaluated as an indicator of

this boundary (Figure 16).

Previous investigators (Ylicelay, 1970; Gékmen, 1975)
described two concealed major faults striking N-S and
dipping east and west along the basin margins. Gokmen
(1975) also reported that these faults, formed in pre-
Neogene, also continued their activity during Neogene and
caused the formation 6f a depression filled by Neogene
deposits. His approach was based on only a limited number of
boreholes drilled in locations adjacent to the basin
margins. Both site investigations as well as aerial photo
interpretations conducted by the author yielded no sound
evidences for the existence of these faults. Gradual
increase of the dips of Neogene deposits towards the
basement margins may be attributed to a fault controlled
basin. Considering the present position and extent of the
coal seam, which normally thins out towards the basin
margins, there is no justification for the existence of
alleged faults indicated on the previous maps (Platen and
Bering, 1966; G&kmen, 1975). However, near Beybad, NE and
outside of the study area, a distinct, steep and continuocus
break within the conglomerates was recognized. This surface
may be considered as the probable extension of the fault.
Thus, the probable faults pointed out by previous
investigators are shown on the geological map (Plate 2) as
concealed faults. Additional investigations, especially

boreholes, are required to verify these faults.

4.3.1.2. Neogene Faults

Faults affecting the Neogene deposits and the coal seam
are well observed in the open pit. However, it is rather
difficult to identify the faults in unexcavated areas around

the pit without the review of previous borehole logs. The

40



Figure 16: Probable graben boundary identified along
the contact between the Neogene deposits
and marbles at the south of Aldag (Plate 3-
Photo. No.10).
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Neogene faults identified by surface investigations
performed on the pitwalls, in stream beds and confirmed by
core drilling are classified as: those having throvws
ranging between 0.4 m to 3 m and those having throws of S m
or more. The latter are labeled from A through J (Plates 1
and 2) and are important from the mining operations point
of wview. On the other hand, faults, having throws ranging
between 0.10 to 0.20 m are referred to as subordinate

faults.

The normal faults identified in the study area dip 60°
to 80° SE, NW or SW and strike NEE-SWW, NE-SW and NW-SE
(Figure 17). Some fault sets show distinct parallelism and
they are closely spaced. Some faults clearly affect the coal
seam (Figure 18). Faults having throws ranging between 0.4 m
and 3 m are dominant, although they way not be very
significant from mining operations point of view. However,
slope instabilities associated with such faults may clearly

be observed.

The greatest fault is the one labeled as A. It strikes
NE-SW and dips about 60°-70° SE. It has a throw of
approximately €0 m. The overburden bounded by this fault on
the north is planned to be excavated without use of
dragline. Other major faults located in the southern part
of +the pit adjacent to the highway have throws ranging
between S5 to 10 m. Based on the correlations between
boreholes and observed strikes of faults on pitwalls, it dis
believed that they converge in front of the highway bridge
(Plate 1). This argument was also confirmed by TKI’s
geophysical investigations on the faulted block (Kogak, et
al.., 1991). The faults (F to J) located at the western and
northern parts of the pit may be recognized from their
offsets on the pitwalls and from correlations between
boreholes. The fault-J may be interpretated as an oblique
fault due to its offset characteristics observed betveen

the main Sekkdy formation and its detrital facies in the NE.
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Figure 17: Rose diagrams and histogram analysis of fault
measurements carried out in the site.
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Figure 18: A normal fault affecting overburden and
the coal seam at Ertrans section-approx-
imate throw is 2 m (Plate 3-Photo. No.11).
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The subordinate faults are almost all normal faults.
Some normal faults having throws of a few centimeters are
also observed in the upper sequence of the main Sekkdy
formation and in the Yatafan formation around Yeni Eskihisar
village. They are mostly synsedimentary faults.
Observations performed on the pitwalls and its close
vicinity suggest that additional faults may be expected in

the unexcavated parts of the pit as well.

4.3.2. Joints

In the study area the cross joints are well observed
within the laminated and compact marls and clayey limestone
of +the main Sekkdy formation, as well as in the coal seam.
The joints are more continuous in marls and coal seam
(Figure 19). In sandstones of Yatagan formation the joints

are poorly developed.

Joints of moderate persistence developed parallel
and/or subparallel to the faults observed in the Sekkdy
formation generally strike NE-SW and NW-SE. Excepting local
deviations, there are three dominant joint sets dipping
80°-90° NE and SW (Figure 20a). Their persistence is greater

in compact marls and reach up to 8 m.

Reasonably well developed cross joints which strike
essentially parallel to the joints developed in the Sekkdy
formation are also identified in the coal seam (Figure 20b).
Although only a few measurements were taken, it may be
stated that the joints developed in sandstone are
discontinuous and show similar orientation to those

developed in marls.
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Figure 19: A view of a well - developed
cross joints in the compact
marl - length of tape: 1.2'm
(Plate 3-Photo. No.12).
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Figure 20: Rose diagrams and histogram analyses of joints measured
from Eskihisar strip coal mine.
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Sufficient orientation data could not be obtained from
the limestone and conglomerate of the detrital facies along
the basin margins due to their limited and small outcrops.
No well-defined trends, however, were noted in the

orientation of the joints.

4.3.3. Bedding

The orientation of bedding in Neogene deposits is
closely related with the paleogeography of the depositional
environment. At locations close to the basin margins
orientation of bedding is controlled by the inclination of
the surface of basement rocks. Thus, bedding orientations
are evaluated by dividing the study area into the domains

where orientations show similarities.

Beds in the southern part of the pit adjacent to
basement rocks strike NW-SE and NE-SW and dip 10° to 30°
towards excavation (Figure 2la). If the local deviations are
ignored, bedding planes along the basin margins in both west
and east strike approximately NS and dip between 15° to 25°
to the east and west, respectively (Figure 21 b and c).
However, dips occasionally increase upto 30° to 40° at basin

margins where permanent slopes will be constructed.

Towards the center of the pit flat-lying or gently
dipping strata are encountered. This area is evaluated in
two domains as north and south, which is separated by an
imaginary line passing through the boreholes I-97 and I-93.
In the northern domain, beds generally strike NW-SE and NE-
SW and dip about 3°-10° into the pit excavation. Whereas in
the south, beds strike NE-SW and dip 5° to 10° NW (Figure
21d). Bedding orientations identified in both north and
south suggest the existence of a broad syncline whose axis

is approximately parallel to the boundary line of these two
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Figure 21




domains. On the basis of bedding orientation a similar local
fold may also be recognized at the southern part of fault A

(Figure 2le).

As material fails by sliding into the pit @along
bedding surfaces, like black clay in Figure 9, Ertrans
section in NE is distinguished as another domaln. Here the
beds strike E-W and dip 30° or more towards south area
(Figure 211).

Based on the limited data obtained from the sandstones
of the Yatadan formation, it is noted that the beds strike
approximately E-W and gently dip towards south (Figure 21g).

The coal seam maintains the same bedding orientation
with that of the overburden. Local undulations identified in
the upper levels of the Sekkdy formation do not occur in the
coal seam. Measurements taken from the bedding surfaces of
the borehole cores indicated that orientations determined in
laminated and compact marls persist throughout the coal as
wvell. The coal seam in Boriikgldizi location occurs at
shallow depths and the beds are generally flat-lying (Plates
1 and 4-Section II).

4.3.4. Schistosity

Measurements taken from the planes of schistosity
around the outer spoil pile in the south indicated that the
strike and dip of schistosity is generally NE-SW and 65°-80°
NW (Figure 22). Considerable variation in strike are not

noted.
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Figure 23: View showing discontinuity survey conduc-
ted on compact marls and joint pattern
developed in this rock unit (Plate 3-Photo

Neo: 13D,
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Yatadan formation. In these units only limited number of

discontinuities (mostly bedding planes) were measured.

Scanline surveys were performed at S9 stations by
setting two nearly perpendicular lines in the N-S and E-W
directions to avoid sampling bias. The length of each 1line
is not maintained constant. Measurements of discontinuity
parameters, such as orientation, aperture, infilling,
surface roughness, and water conditions were carried out
quantitatively or qualitatively in accordance with the
procedures recommended by ISRM (1981). Besides, spacing and
persistence of joints were also measured at 20 additional

scanline stations where the length of line is fixed as 20 m.

S.1.1. Discontinuity Orientation

A total of 907 joint, 1307 bedding, 61 fault, and 35
schistosity orientation measurements were statistically
analysed. Directional data were plotted using computer
packages developed by Darton Software (1987) and Jeran and
Mashey (1970) which produce output in the form of pole and

contoured pole nets.

Directional data of bedding was evaluated for eleven
domains. These domains were based on the observations of
distinct bedding orientations in different areas and the
directional relationships noted between the strikes of

bedding and slopes.

A summary of the structural data is presented in
Figures 24 through 26. Each figure shows the contoured pole
plot and major sets identified for a specific type of
discontinuity. Major sets of each discontinuity type, based
on the peak concentrations are summarized in Table 1.

For the evaluation of joints the field measurements
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(a) Joints measured in E_W direction (b) Joints measured in N_S direction

All joints {d) Joints measured in the coal seam
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gure 24:

Lovwer hemisphere Schmidt plots illustrating the joint orien-
tations in the main Sekkdy formation and the coal seam.
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Table 1 : Major discontinuity sets

Fajor sets

Figure Data analysed Dip/bip directisn  Strike/Dip

No. {deg)
4a E-s zeasurezenis 857114 11}
Re/ié& {2
SR/0ZE 13)
24 N-5 geasuresents {1}
BE/1SG {3 REEZ/BESE
82703 {3) NGEW/BENE
24p Ril 877157 ) NETE/BTBE
BE/024 (2) NEGW/BENE
o o ' 8’/&14 {3} Z4E/BESE
Joints in the &4 Fit anly g2/iEd (4 NSZE/B25W
coal seag G9/03 {2} NGEW/BENE
B2/GIE (D) \?4&/53NE
2Za  Zouth of highway 7732 N42E/TING
Faults 25 Al 704430 {1} NGOE/TOSE
O/ 12 KAOE/ TON
04520 (3) NT0W/TONE
Egilggﬁ} {4} 1\7’Jnl'c 5E
£6/353 (5} 53k /66N
Beacing 2z East of hit L2040 R NEOW/ 12NE
West of high ~§9/340 {8} A?O*/iu'”
22k YataBan fa 037580 EW/35
{54 of the pits
Open pit:
Sguthern section 05/ 332
Central section {3/15¢
Bedding ztd Jzdezirler zection 45/144 15
47234

bz South of fault 8 047332 1B
(47034

Zbf  yorth of fault A GB/362
Zkr  CperoBid sireszs 16/140
. ard its vicinity ) _ _
267 Eneroy supsly 147570 N3/ 144

Lu;‘Jiﬂﬂ and its
vicinity {isst.,cong)

251 Basin sarging {4 HE N&E 7IZEE
{last. comg.d
&b Ertrans section 217181 NEGW/215

Note 1 Humbers and igtters in parantheses refer To great circles
shown in Figures 24 theouch 2B,
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vere divided into two groups, as measurements taken along
N-S and E-W directions.Peak concentrations yielded very
similar joint systems in both directions (see Figure 24a and
b). As a next step all joint orientation data were plotted
together (Figure 24 c). Statistical analyses indicated that
major joint sets developed in the main Sekkdy formation and

in the coal seam show similarities in their orientation.

5.1.2. Aperture and Infilling

The thickness of infilling material and its composition
are important factors in modifying the shear strength of the
discontinuities. For example, if the thickness of the
infilling material is greater than the amplitude of surface
asperities, the shear strength of the discontinuity is
controlled by the shear strength parameters of the
infilling wmwaterial. However, in the Eskihisar open pit the
discontinuities generally lack infilling material with ﬁhe

exception of faults.

The bedding planes in the sequence of main Sekkdy
formation are generally closed features with apertures
ranging between O to 0.5 mm. Besides, these surfaces are
easily separated especially when they are exposed to air
(Figure 27). It is possible that the stress relaxation
caused by excavation may be responsible for the separation.
Very thin coating composed of finest material is recognized

along bedding surfaces.

The width of the fault zone ranges between 5 to 40 cm.
Along the fault zone intense shearing 1is observed. The
fault gouge (Figure 28) contains rock clasts in a matrix of
greenish gray to olive clay of high plasticity. The rock
clasts show a floating texture in which they are usually not

in contact with each other.
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The aperture of joints are similar to those of bedding.
It ranges between 0.1 to 1 mm and rarely reaches up to 2 mm
and contains clay and silt sized material. Limestones and
conglomerates along the basin margins show relatively tight
apartures along close bedding surfaces. In some places
apertures less than 2 mm are filled with clay stained by
limonite. Apertures of sandstone beds are generally very

tight.
5.1.3. Asperities of Discontinuity Features
The surface asperities of wunfilled discontinuities

caonstitute an importanf component of the shear strength.

Generally two different scales of discontinuity asperities

are considered. These include roughness and waviness. In
this study, these two parameters are quantitatively
described. The descriptions are based on the surface

roughness profiles provided by Barton and Choubey (13877).

Excepting the bedding surfaces of the detrital facies,
all discontinuity surfaces are generally planar-smooth with
joint roughness coefficient (JRC) of 2. Fault planes are
planar and slickensided (see Figure 28). Bedding planes in
limestone and conglomerate show smooth-undulating surfaces

with average JRC value of 6.

5.1.4, Water Conditions on Discontinuity Surfaces

Discontinuity surfaces at the upper benches of the pit
are normally dry. However, moisture appears vwhen the
surfaces are scraped by the geological hammer. Fault gouges

are generally softened due +to moisture. During field
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investigation no seepage along the upper working benches

were noted.

5.1.5. Spacing of Discontinuities

Spacing of bedding planes are determined from the
borehole data since it is practically impossible to examine

the entire pitwall faces. Therefore only the spacing of

joints developed in the main Sekkdy formation, which are
easily sampled on the pitwalls, vere systematically
measured. Joint spacing in the coal seam is determined

through limited data due to the difficulties caused by
ravelling on the coal faces. Considering the dimensions of
the pit, additional scanline surveys at the 20 predetermined

stations were conducted for spacing studies.

5en and Kazi (1984) suggested that the amount of bias
decreases as the length of the scanline increases. In the
study area the optimum length is determined as 20 m. Thus, a
steel tape with a minimum length of 20 m is stretched along
the bench face and the joints that cross the tape are
sampled. A total of 774 measurements were taken from 20

scanlines in the N-S and E-W directions (Plate 3).

Priest and Hudson (1976) noted that discontinuity
intersection points may be evenly spaced, clustered, random
or combination of these. Therefore, standard statistical
theory was applied to determine the spacing distributions.
In order to check different distribution patterns and get
some statistical parameters, a computer program STATDIS,
which includes most popular distribution patterns utilized
in geology such as normal, gamma, log-normal and negative
exponential, developed by Ayday (1989) was used. In the
analyses closely spaced stations are grouped and evaluated

separately.
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For most of the scanline data comparison of the
theoretical and real frequencies of exponential distribution
show distributions resembling negatively exponential
distribution with a 90% confidence level. There is also a
close agreement between mean spacing and standard deviation
which is one of the most important indication of negative
exponential distribution. Discontinuity spacing histograms
of groups C and E for the joints developed in the main
Sekkdy formation are given in Figure 2S. Statistical
parameters obtained from the analyses are summarized in

Table 2.

Analyses based on 21 joint data collected from the coal
seam indicated no similarity between the observed and
standard distribution for all types of patterns. It is thus
concluded that additional data are needed for reliable

results.

Generally in statistical spectrum there is a common
problem in determining the wvariation of +the observed
distribution from the theoretical one Chi-square test can
give an answer to this question. In addition, cross-
correlation developed for comparison of two time series in
statistics provides valuable geologic information (Davis,
19735. Sliding of these two series, in the studied series
corresponds to real and theoretical frequencies of the given
data, with respect to one another and correlation gives
cross-correlation coefficients for different lags. At the
end, gimilarity or nonsimilarity of observed data and
negative exponential, log-normal and gamma distribution are
decided. In addition to Chi-square tests, cross-correlation

tests wvere also performed.

Above conclusions reached from the distribution models
have also been supported by cross correlation tests between
the real and the theoretical frequency distributions of

discontinuity spacing values (Table 2).
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Figurea 29: Discontinuity spacing histograms for
the main Sekkdy formation.
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Cross-correlation coefficients of all scanlines, with
the exception of the one performed in the coal sean,
generally indicate similarity to negative exponential
distribution. The same result is also obtained from the

Chi-square tests as well.

Joint spacing distribution patterns determined in the
study area confirm the results of Attewell and Farmer
(1982). They have shown that wesk rocks are more
structurally prone to contain wore random field of
terminated discontinuities and if a rock is materially wveak
it should satisfy a negative exponential distribution with
respect +to its discontinuities. Priest and Hudson (1976)

also suggests this distribution for homogeneous rock masses.

Mean Jjoint spacing (x) and the average number of
joints per meter (A) of the main Sekkdy formation are
calculated as 0.386 m and 2.59 m~1, respectively. The joints
are classified as "moderately spaced joints" according to

the classification proposed by ISRM (1981).

Spacing between bedding planes were assessed from
borehole information. In the upper levels of the main Sekkdy
formation, bedding spacing ranges between a few millimeters
to 20 cm. Whereas in compact marls overlying the coal,
excepting occasionally lawminated 1levels, spacing ranges
between 0.3 to 1 m. Based on the observations in +the
borehole JT9, spacing of bedding in the sandstone is about 2

to 3 m or more.

5.1.6. Persistence of Discontinuities

In this study, statistical evaluation of joint
persistence 1is performed in a similar way as with spacing.

The results of statistical analysis suggest that persistence
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data does not belong to a single distribution. Thus it is
concluded +that persistence of joints does not fit +to any
distribution. The persistence of the joints, both in the
main Sekkdy formation and in the coal seam, ranges between 1
m to S wm. However, in the central part of the pit the

persistence value occasionally exceeds 5 meters (Figure 23).

In a sample of 774 joint measurements taken from the
Eskihisar open pit, 149 (19%) with an average length of 1.43
m had both ends exposed, 522 (67.5%) with an average length
of 2.3 m had one end exposed, and 103(13.35 %) with an
average length of 7.8 m had no ends exposed. This situation
indicates that the wmajority of the joints do not run
throughout the entire Dbenches. On the other hand,
distribution of termwmination types of joints determined in
this study shows close similarity to those of Piteau (1973)
who has demonstrated that discontinuities where both
terminations can be seen are generally smaller than
discontinuities where one or no terminations can be seen.
Bedding planes and faults are characterized as very highly

persistent structural features.

5.2. Drilling and Geotechnical Logging

Nine fully cored geotechnical boreholes designated by
the author were drilled vertically during the 1989 field
programme. The locations of boreholes (Plate 1) wvere
marginally amended according to the developments at the site
and particularly with due regards to the position and
importance of the slopes adjacent to the highway. At closer
locations +to the basement rocks, boreholes were drilled to

penetrate the basement rocks to determine their position.
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Double tube NQ, 3.03 m long wireline core barrels with
diamond surface set bits were used +to obtain 47.6 wmm

diameter cores. Mud was used as flush in drilling.

The borehole cores were geotechnically logged following
the stipulated and demonstrated procedures described by the
Geological Society of London (1970, 1977), Franklin et al.
(1971) and ISRM (1981). Greater emphasis was given +to the

discontinuity logging.

A summary of +the borehole 1logs in the form of
histograms showing intact core recoveries, rock quality
designation (RGD) and the frequency of discontinuities is

given in Figure 30. Average values of the three mechanical
parameters (total and intact core recoveries and RQD) for

each geologic unit are given in Table 3.

Low core recoveries and ROD values recorded in the
alternating sequence located at the upper levels of main
Sekkiy formation may be seen in Figure 3la. Presence of weak
and soft wmaterials in the sequence and the low spacing
between bedding planes have an important role on their core
quality. Whereas, at lower levels, particularly in compact
marls, ~mechanical parameters show significant improvement
(Figure 31b). According to the rock type, location and
depth, rock quality trends are clearly identifiable from the
borehole logs. A perceptible improvement in the core gquality
towards the central part, however, is noted particularly in
the wupper zone of the rocks of hangingwall. In boreholes
JTi, JT4, JT6 through JT8, drilled at locations close to the
basin margins, approximately 84 ¥ of all R@D values recorded
in the main Sekkdy formation are below 50%. On the contrary,
50% of all RAUD values are above 50% in boreholes JT2 and JT3

which are located at the central part.

In boreholes JT1 and JT5, low mechanical parameters

vere noted in the cores of limestone located in the upper
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Table 3 :

Average percentage of total and intact core
recoveries (TCR and ICR) and rock quality

designation (R@D) for each unit in terms of
boreholes.

. Tas!
Bgrehoie  Tay  Tes® ——  Tzs  Lignite Tat  Marble Schist
No iast. Conpl.

J74TER) 7 - 45 93 100 4f -
{ICR) i3 - g i3 100 i7 -
{rED) - - i7 - 0 i3 NA 7 -

JTe {TCR - - - &3 B8 25 - -
{ICR} - 53 i 13 - -
{RED) - - - -~ 37 38 NA - -

RERIRSIY - = a4 75 29
{iCR) - 63 B2 23
{7RaD) - = - = 45 23 NA = =

JT4 {TCR) - 27 30 00 100 27
ICR} - = 7 3 ] ¢ e
{RGD) - - - = i 0 NR 0

JI5 (TCR) - 2l 36 = = = 74 -
{1CR) - & &3 - = = 77 -
{RGD) - = 0 &b = - = 55 =

JT5 {1CR) - e £k i3
{ICR} - - 17 z 36
{RGD) - - - - 0 ] - -

J17 (TR - - - - £3 93 44 - i
{ICR) - - - - 33 83 40 - £
{RGD - - - - 50 &6 NA - 0

I8 (ICR) - - - - 44 73 2 100
{ilR) - - - - 34 &5 i 160
{x&D} -~ - - - i8 0 NA 0 -

LJTS (TCR) 73 az - - ki &8 4 15
{iCR) &4 25 - - 47 15 ¢ ¢ -
{RGD} 43 s} - - &7 i1 KA 0 -

TCR & Totel cere vecovery (%) Tas! Defrital facies of Sekkiy forzation

IR ¢ Intact core vecovery (4 Tes 1 Main Sekioy ferzation

RED @ Rook guziity cdesicnation {K) Tet 1 Deposits of Turgul foreation

Tey : Yatafarn forzation NR 1 Kot applicable {seil)

Tged » Traneition zone deposifs
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levels of detrital facies. This may be the results of
weathering and the fractured nature of the rock at wupper
levels (Figure 3la). However, based on the observations
made on outcrops, this situaton is not quite representative
for the rock exposed throughout the site. Conglomerates in
the lower levels of the same facies have marginally higher

quality.

The quality of the coal seam increases avway from the
basin margins. This property was also confirmed by the
observations performed on operating highwalls. Sandstones
are generally massive. However, lower parameters vere noted
at shallow depths in borehole JT9 due to the effect of
weathering and crumbling of moderately cemented conglomerate
banks at upper levels probably due to the effects of

circulation fluid.

In the boreholes penetrating the transition zone and
the Turgut formation considerably low core recoveries were
obtained. Presence of dense and medium dense silty sand
lenses played a major role in the low core recovery. The
major soil type of these deposits include clays and clayey

silts.

Alternation adversely affected the core quality in the
upper =zone of the basement rocks, particularly in the
schists (see Table 3). The core quality of marble tends to

increase with depth, as noted in boreholes JTS.

To check the directional features of discontinuities
geological marker method suggested by Rosengren t1970; 4n
Goodman, 1976) was employed. For this purpose, bedding plane
orientation in the vicinity of borehole is used as a marker.
The procedure was rewarding in the sections of boreholes
where the core recoveries were high or excellent. The entire
length of the core is divided into a series of continuous

sub-lenghts; a continous reference line with respect to the
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dip direction of the marker identified on the cores wvas

painted down for each such sub-length. Dips and dip

directions were determined with the wuse of contact
goniometer and circumference scale, respectively (Figure
32). In sections where the core pieces could not be fitted

to each others due to core losses, only the dips of
discontinuities were recorded. The processing of data
obtained from cores pointed out that excepting small local
deviations, orientation (v)o s discontinuities generally
maintain their original position through +the boreholes.
Besides, sharp increments recorded in dips through certain
depths were attributed to the existence of faults which are
barely detected at the surface. Joints also maintain their
general features all around the pit. Both joints and bedding
surfaces recognized in boreholes are smooth-planar and
occasionally slickensided. They are generally narrow and/or

thinly coated with silt or clayey material.

5.3. Groundwater Conditions

Groundwater is one of the most important factors which
contributes to instability of slopes. This influence occurs

for a number of reasons, either singly or in combination:

a. Reduction in the shear strength by reducing the
normal load on the potential failure surface due to

bouyancy.

b. Existence of seepage forces created by head loss of
water flowing through the slope towards the mining

face.
c. Tension cracks or existing joints formed as a result
of stress relief which allow water to build

hydrostatic pressure at the back of potential
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hydrostatic pressure at the back of potential

failure blocks.

d. Increase in shear stress due to hydrodynamic shocks

caused by seismic acceleration force due to blasting

e. Reduction in the discontinuity shear strength

properties after periods of heavy rain.

As part of this geotechnical investigation general
hydrogeological conditions of the site are also studied for
the slope stability and practical design considerations. The

studies conducted for this purpose included the followings:

1. Water level measurements in boreholes, blast-holes,
vater wells, and piezometer installations to
establish the seepage points for groundvwater
monitoring.

2. Bulk permeability determinations for each lithologic

unit through predetermined borehole sections.

3. Preparation of groundwater contour map and the

general assessment of the groundwater conditions.

5.3.1. Groundwater Monitoring

In the first stage of groundwater monitoring studies,
individual seepage points and seepage lines were identified
all around the pitwalls (Plate 3). Zones of seepage are
noted along the boundary between the compact marls and the
coal seam, particularly within the coal seam. Slow rate of
flow observed on the coal face along the ninth slice was
evident (Figure 33). However, flow rate measurements could

not be performed on the wall faces due to uncontrolled flow.
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Figure 33: Seepage from the coal seam and compact
marl/coal seam boundary at the new higwall
face - south of ninth slice (Lg: Lignite;
Ma: Marl; Plate 3-Photo. No.16).
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A marked drop in the seepage rate was noted during the site
investigation stage. A few seepage points were also observed
on the sloping ground above some of the faults located NW
of the pit. This is attributed to the perched water above

the less pervious fault gouge.

In the second stage, to estimate the general
configuration of the grounwater table in the open pit and
its close vicinity, standing water levels were measured
periodically in the vertical boreholes, which remained
uncollapsed and penetrated the coal seam. In addition,
shallow boreholes GWH1 through GWH12 were drilled wusing
TKI's Reedrill blasthole drilling machine and two water
wells previously constructed in the western part of the pit
were used. Some of the boreholes GWHE and GWHY9 through GWH12
were drilled down to the coal seam, whereas others (GWH1,

GWH3 and GWH4) penetrated both marls and the coal seam.

Boreholes were flushed with a solution of sodacaustic
to remove the mud cake on the borehole walls. However, the
reliability of measurements taken from previously drilled
boreholes were in suspect, since the holes were drilled
using bentonitic mud and it was not known whether or not the
mud was flushed from the holes upon completion of drilling.
Thus, some of the boreholes with anomalous water level
measurements and those that are collapsed are eliminated.
The groundwater levels were then monitored in 24 boreholes
and 9 blastholes. No data concerning groundwater levels
along the basin margins wvere available. This 1is Dbecause
previously drilled boreholes were already abondoned. The
groundwater level measurements are given in Table 4 and the

monitoring wells are shown on Plate 3.

The measurements indicated that the groundwater level
fluctuations generally range between 3 to 50 cm. The highest
levels were recorded during December and February. This

corresponds to the highest precipitation period in the site
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Table 4 : Groundwater level observations

Borehole Ground Water Coal seam Remarks

No elevation elevation elevation (Coded)

(m) (m) (m)

=129 554. 88 545. 88 538. 12 A
I-130 D93. 34 543.94 544.04 B
I-131 551. 03 533. 03 531. 78 B
I-=135 952. 52 529.72 Dol D2 Cc
I-138 588; 16 547. 16 530. 00 A
=139 581. 80 545. 05 528. 50 A
I-143 541.55 513,39 478. 55 A
I-144 525. 37 494,17 480. 97 A
I-146 530. 74 500. 54 479. 24 A
I-147 S17.81 498.61 472.41 A
I-149 S503. 46 467. 16 469. 66 B
I-1350 S0S. 54 492, 39 479. 44 A
T=151 537.64 499. 84 447,04 A
I-162 237.60 527.06 923. 30 B
I-166 55960 508. 70 498, 40 A
I-170 57383 S25. 39 482. 89 A
1-171 S90. 20 548. 85 526. 70 A
1-172 579. 88 551481 828.18 A
JT3 S64. 66 524.76 491. 56 A
JT4 D22- 72 504.12 500. 82 A (Water loss)
JTB 936. 76 507. 26 No coal D (Water loss)
JI6 508. 74 503. 34 490. 00 A (Water gain)
JT7 508. 77 493. 27 480.11 Confined water
JT8 85305 25 507, 25 485. 90 A (Water loss)
GWH1 S504. 25 497.5 483, 50 A
GWHZ2 512, 44 497. 44 470, 00 B
GWH3 486. 10 485. 60 485. 60 A
GWH4 S531. 84 517. 44 505. 00 A
GWH6 540. 19 519,96 460. 00 A
GWHS 504. 15 483. 00 468. 00 A
GWH10 504. 96 483. 46 473. 00 A
GWH11 527. 80 503. 30 480. 00 A
GWH12 507 50 495. 30 480. 00 A
Wl 608. 00 3592, 7 519. 83 A
w2 601, 00 590. 00 488, 00 A

- ’I’' series boreholes vere drilled by TKI

- *3JT’ series boreholes were conducted for geotechnical purposes.

_ 'GWH’ series holes are drilled by blasthole machine for

monitoring purposes

- ’W’ series are water wells

- Water loss between 4 to 10 m section of boreholes JTl in
limestones (Tmsl)

- WL : Water level

= iCHM Compact marl

- A : Water level above the coal seam

- B : Water level at compact marl/coal seam boundary
- C : Water level in the coal seam

- D : Water level in conglomerate
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as shown in Figure 3. The water levels are generally above
the coal seam. Towards the highwalls the water level tends
to decline, particularly close to the compact marl/coal seam

boundary (see Figure 33).

High water table was noted in 22 m deep borehole JT6
which is 1located on a faulted block. No quantitative
conclusion can be drawn from this observation, however, B
probably indicates a local confinement due to faulting which
may create a barrier against groundwater flow. Thus, in
order to obtain more information on the groundwater pressure
prevailing within the rock mass in the vicinity of faulted
blocks, piezometers were installed in boreholes JT6 and JT7
(Plate 3). Taking into account the depth to water table one
piezometer in each borehole vas installed into the coal

seam.

The installations vwere conducted in accordance with
the procedure recommended by Sharp et al. t1977). The
standpipe in borehole JT7 was installed at a depth of 33.3
m. Unfortunately, piezometer in borehole JT6 sliddown and
become blocked at the end of installation without any

reading and installation was not operative.

Groundwater monitoring data for a seven months period
suggested that water table at this location lies above the
coal seam. This situation indicated that the groundwater is
confined due to the faults and the impervious character of
intact marls overlying the coal seam. However, in view of
observations on seepage along the highwall of ninth slice
(see Figure 33), which is 150 m far from the borehole JT7,
it is concluded that the groundwater in this area cannot
maintain its confined state for a long time. Because, the
highwall face produces a free discharge and the pressure

dissipates with time.
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S.3.2. Mass Permeability and Determination of Water Losses

The hydraulic properties of rock masses are required
for classifying rock types into similar hydrogeologic units.
The hydraulic property most frequently required for
groundwater studies is the mass or bulk permeability of the
rock. For the assessment of permeability conditions of the
site, downhole permeability tests, which are conditionally
suitable and cost effective method for this case, vere
carried out in geotechnical boreholes using the falling head
method. Standard test procedure recommended by Sharp et al,
(1977), was adopted.

Tests were conducted within the Neogene units excluding
the basement rocks. Core evaluation during geotechnical
drilling was used to select test section 3 m in length.

Totally ten permeability determinations were made (Table S5).

Data given in Table S indicate that Neogene units have
generally moderate bulk permeability. Lovwer intact
permeabilities are anticipated from the clay-bearing wunits
of main Sekkdy formation. However, moderately spaced and
continuous joints in this formation served as the possible
avenues of recharge. Movement of water becomes easier due to
direct entry to the formation through joints. As a result of
the presence of relatively free draining joints,
considerable higher bulk permeabilities were obtained. In
other words, in spite of the lower primary permeability of
the rock units, the continuous joints which are generally
perpendicular to bedding, have played a major role in
increasing the secondary permeability. This situation also
indicates that mass permeability is greatest along joints

rather than across the bedding planes .
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Table 5 : Results of falling head permeability

Borenoie  Rock/Se1l Test Section Pergeability  *Deoree of
No Type Coefficient  Perseability
(a) k {ca/sec)
Jiz Laminated MARL  3.40-12.40 L3307 Moderate
Ji2 Lasinated WAL 15.30-18.30 7.4 x107®  Low
JT3 Lasinated MARL  16.30-21.30 105 Maderate-Low
I Laminated-Coa- EL35ERS0 4.2 X107 Moderate
pact MARL
J13 SANDSTONE 12,20-15.20 1.33x1073 Moderate
I3 SANDSTONE 17, 30-20. 30 8. 4Bx1074 Moderate
JT8 CONGLOMERATE 15,15-17.80 6.4 x107 Moderate
(witn small-
size solution
features)
JT6  LIGNITE 19.20-22.05 3.3 w1075 Moderate
7 LIGNITE 30, 50-34. 75 41 x1070 Hoderate
JT8 SILT {clayey, 46, 00-48,75 1,48 x1073 Moderate

sangy with
fossil shells-

Turgut foraation)

#Degree of perseability @

(after Sharp et al., 13770

High
moderate

Low

: 107 to 1 ca/sec.

;107 10 1079 ca/ser.

: 1079 0 1677 ca/sec.

Effectively impermeabie : ¢ 1077 ca/sec.
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Bulk permeability of the coal seam increases
particularly in places where the coal is highly fractured.
Considerably higher permeability value obtained for Turgut
formation underlying the coal seam does not reflect the
actual situation, because the upper levels of this sequence
are composed of clays and silts having lower permeabilities.
On the other hand, these deposits occasionally show lateral
transitions into sand lenses and/or sand-silt mixtures. As a
result of such local heterogeneities, a permeability value

higher than the anticipated limits could be obtained.

Sandstones also have moderate bulk permeability.
Calculated permeabilities are confirmed by those of similar
sandstones given in the literature (Hoek and Bray,
1977;Sharp et al., 1977). Excepting near surface layers,
secondary permeability of sandstone may be lower than those
of marls of the Sekkdéy formation due to its well-cemented

nature and scarcity of joints.

Along some geotechnical boreholes water losses were
noted during drilling (Table 4). Considerable water losses
were noted in limestones and in the upper levels of
conglomerates penetrated by boreholes JT1 and JTS.. It was
concluded that the losses were caused by small solution
openings and fractures within the rock masses. As a result,
conglomerates revealed moderate bulk permeability. No signs
of moisture was observed on bench faces at Ertrans section

where limestones are cut by slopes.

5.3.3. Assessmwent of Groundwater Conditions

Holes used for groundwater level monitoring are
categorized as follows:

1) Twentyfour unequipped boreholes that tap different
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lithological units.

2) Holes that penetrate marl and coal seam (GWH1, 3,4)

3) Holes drilled down to the bottom of marl (GWH 2, 6,
g, 10, 11,12).

Data obtained from the first group represent an overall
water table. Whereas data from other groups represent marls
only. Thus, the assessment of general groundwater table and
flow directions were based on the information obtained from
the first group boreholes and two water wells (Plate 3). The
differences in groundwater levels in various faulted blocks
are not accurately known. However, this is not a major
consideration in the general assessment of groundvater

conditions.

Groundvater level contours representing marls in a
local area are shown by dashed lines (Plate ). These
contours do not show considerable deviations from the
general trends. However, it may be possible that perched
water table may also exist in some levels of the hangingwall

bacause of the alternations involving clay beds.

It 4is obvious that the groundwater flows will occur
towards excavation. According to the position of groundwater
table all around the pit, direction of flow is from west to
east and from north to south along the N-S and E-W oriented

pitwall, respectively.

Current information on groundwater conditions in the

pit and its close vicinity is assessed as follows:

a) The coal seam acts as the principal aquifer

particularly in zones where the coal is fractured.
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b)

c)

d)

e)

£

Groundwater level generally lies above the coal
seam in compact marls. While close to the
highwalls, where the coal seam exposes, groundwater
table tends to decline and approaches the compact
marl/coal seam boundary. This situation indicates

that a steady seepage condition is present.

Vertical percolation seems to be highly effective.
Moderately spaced joints within the Sekkdy formation
serve as avenues for recharge. Joints are more

conducive to seepage flow than bedding.

Direct recharge through joints varies seasonably
depending on the amount of rainfall which can

easily be drained.

Bulk permeabilities are classified as moderate based
on the results of in-situ tests. However, the
permeability of the deposits underlying the coal
seam is very low. The wupper levels of these
deposits are exposed after the removal of coal and
then covered by the spoil material. Therefore, no
significant hydrogeological problem is anticipated

from these deposits.

Groundwater condition of the sandstone is available
only from the ‘- boreholes I-166 and I-170. In these
boreholes water levels are below the top of
sandstone sequence and no significant seepage wvas
observed on benches constructed in this rock unit.
Thus, for stability analyses the sandstones may be

considered as forming the dry zones.

The lignite bearing basin is enclosed by limestones
and conglomerates. The topography rises to an
elevation of about 650 m both in the west and in

the northwest of Egkihisar basin. Flow of
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groundwater would be expected to occur from higher
elevations to the lower parts. The magnitude of the
flow would depend on the permeability of these rock
units. The hydrogeological data for these rocks,
however, is quite limited. However, their bulk
permeabilities could be moderate particularly in
their near-surface layers. It should also be noted
that no sign of seepage was observed on benches
constructed in limestone at Ertrans Section during
the studies. Thus, it may be concluded that water
percolating through these units will probably reach
to the lower marl level when permanent slopes are

to be constructed.

h) Local groundwater reserves may be expected in the
vicinity of faults and in local folds situated

within the hangingwall material.

i) Confined groundwater conditions are not considered
to be significant in the study area. This is due
mainly to the fractured and free draining nature of

the overburden material and the coal seam.

S.4. Monitoring of Pit Slopes and Observations on Previous

Slides

A knowledge of the slip surface, mechanism of
instabilities and the shear strength mobilized along the
sliding surface at the time of failure are essential for
stability analysis and for designing appropriate remedial
measures. The available methods for providing information
about instabilities are divided into two groups; those
applicable only to moving slopes and those applicable ko
stationary ones. The first group requires application of a

monitoring program. The second group includes in-situ
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observations from access holes, observations on recovered

samples and surface.

Taking into consideration the above mentioned matter,
observations on previous slides in different parts of the
pit and surface displacement measurements using conventional
surveying equipment in two unstable areas vere conducted for

the following purposes:

a) To provide geotechnical information for analysing
the slope failure mechanism, for the assessment of
the weighed mean value of the shear strength
parameters along the failure surface and far
conducting future re-design considerations of the

slopes, and

b) To maintain safe operational procedure for the

protection of personnel and equipment.

S.4.1. Observations on Previous Slides

Seven slides developed within the benches in the
northern part of the actual pit were identified during the
site investigations and labeled from 1 through 7+ Their
boundaries were established by topographical surveys and are
shown with their most probable movement directions in Plates
1 and 3. In addition to these, another instability, which
developed progressively in June 1990 during the last visit
of the author to the site and is labeled as 8 was also

investigated in detail.
As pointed out by Sancio (1981), Hutchinson (1983), and

Carter and Bentley (1985), it is required that the pre-

failure geometry of the slope or bench should be known for a
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valuable back analysis. Slope geometries or profiles of the
slides 2,6,7 and 8 before failure are known. Whereas those
of others are not available because of the insufficient
records kept by the contractor who was responsible from the
mining operations at the northern part of the pit, before
1988. In addition to this, severe disturbance in slide areas
makes it rather difficult to perform a detailed observation.
Therefore, for these instabilities (1,3,4,5) only the
present state of the failed benches and largest blocks with

the orientation of structural features were studied.

Detailed slope instability maps at the scale of 1:200
and cross sections of slides 2,6,7 and 8 were prepared by
means of surveying technique. These drawings include the
position of benches, present state of the failed mass and
the extent of tension cracks. Directional data from the
structural features in the close vicinity of the
instabilities and of the failure surface were collected in
a closely spaced pattern. In addition, trends of the fresh
traces parallel to the direction of movement on soft sliding

surfaces and wet locations were also noted.

Based on the observations conducted on the slides it
can be concluded that the geologic structure has had a
significiant influence on the mechanism of failures both in
hangigwall and in the footwall. Except the slides 5 and 7,
all the instabilities are structurally controlled failures
resulted in movements along the individual discontinuities
subject to plane failure or combinations of discontinuities.
Slide 8, which developed along the black clay surface (see
Figure 9) is a best example of the plane failure mode
evidently observed in the open pit. The slides S5 and 7
developed in soil and soil like material are mass failures

rather than structurally controlled mode of failure.

No sign of instability was noticed in the south slopes

of the pit and the highway during the studies.
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S.4.2. Monitoring of Pit Slopes

As a part of this research, slope monitoring studies
were conducted in two localities of the pit where evidences
of instability were detected. Many techniques are available
(Franklin, 1977; Wyllie and Munn, 1979; Call, 1982; Hanna,
1985) for the monitoring of the slope behaviour. One of such
method is the surface displacement measurement using
conventional surveying equipment. This method was preferred
in this study because of its availability and cost-

effectiveness for the case.

A survey network consisted of targets installed at
various strategic locations throughout the slide and the
station on a stable ground some distance from the pit were
established for each monitored location. Targets themselves
consists of reflector prisms mounted on a sturdy tripod by
means of a conic catcher specially made for this study.
Prisms were installed on steel bars which were labeled and

fixed permanently to the unstable ground (Figure 34).

Stable bases of station for each monitoring location
were established with concrete monuments. Monitoring was
conducted by means of electronic distance measuring (EDM)
equipment consisting of 1200 informatic theodolite and Dl4
distomat connected with a Wild Heerbrug Gre3 data terminal.
The coordinates and the elevation of each target, from which
vectors of movement between successive readings can be
calculated, were recorded in certain time periods depending
on the rate of movement and the availability of TKi’s
surveying team. Monitoring studies, performed at two

unstable locations, are briefly discussed below.

Unstable area I (Slide 6) : Slide 6 had occurred at the

south boundary of the Ozdemirler section in May 1989, before

this study had commenced. The bench constructed in the coal
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Figure 34: A monitoring target consisting
of reflector prism, tripod and
labeled steel bar for the mo-
nitoring of surface displace-
ments (TC: Tension crack;
Plate 3-Photo. No.17).
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seam was shifted back to the next mining bench resulting in
a considerably high and steep individual bench including
marl and coal and then instability has started to develop
(Figure 35a). Direction of the movement, which was estimated
from the considerations on the positions of the failed
blocks and the fault surface limited the failure in the
west, is approximately SE. On the other hand, tension cracks
with a large extend behind the crest and the toe of the
upper bench caused a suspicion that a subsidiary bench
movement into the void created by previous failure may be
expected. Thus, a monitoring system consisting of 7
monitoring targets, which were installed in a vertical
pattern to the main cracks, were set up on the +539 and +552
benches (Figure 36). Monitoring was started in July 28, 1989
and continued until September 14, 1989. After this date the
equipment was not available due to the intensive surveying

program of TKI.

Resultant displacement vector of each target station
were calculated at the end of monitoring. These are shown in
slope instability map with the orientation of tension cracks
and the structural features (Figure 36). The plunges of the
displacement vectors at +552 bench are very similar and
range between 33.5° and 40°, except one, while those of
others at +539 bench are more uniform around 26°. Their
trends are mostly parallel in the SW direction towards the

void created by the previous slide 6.

A point on the surface of a sliding soil or rock mass
will move in a direction parallel to the slope of the slip
surface beneath provided that the mass moves as a rigid
body. Carter and Bentley (1985) suggest a method to predict
position of the =slip surface when the surface movement
directions and the positions of the toe and the backscar of
the sliding are known. But this method gives accurate result
for translational or planar and circular failure surfaces.

In spite of the lack of information from the bench faces,
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(a)

Figure 35:

General view of slide 6 (F: fault);
(b) Tension crack and separation in the
rock mass parallel to the steeply dipping
(Plate 3-Photo. No.18 and 19).

(a)

joints (J)
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the monitoring sections based on the above mentioned method
brings to mind a translational type of slip surface along
discontinuities rather +than a circular shape. In the
unstable area, bedding planes dipping to the opposite way of
the vector and steeply dipping joints are considered
kinematically not to cause a planar sliding. But
orientations of the fault and tension cracks developed
parallel +to the joints (Figure 33b) and +the displacement
vectors indicate +that a wedge type of failure is more
likely. This information was also employed for back analyses
to assess the mechanism in detail using the kinematical and

limit eguilibrium techniques.

Monitoring data were also graphically displayed in the
form of vertical cumulative displacement versus time plots
(Figure (37). CGreater increaseg in the rate of movement was
recorded in August 1989 while the rates decreased in Septem-
ber. During the monitoring stage no rainfall was observed
wvhereas occasional blasting for loosening purposes was
carried out near this locstion along some working benches at
the mid of current pit. It can be possibly conciﬁded that
seismic vaves generated by blasting might be the cause of an

increase in the rate of movement or of the acceleration.

The monitoring study pointed out that the movement
still continues with small rates into the void created by
the previous movement. Therefore the exploiation of the coal
from +this part has been terminated until the end of winter
season of 1990 when the unstable portion of +339 bench
reached to an equilibrium after complete failure through

rainy monthe.

Unstable area I1I : Development of +tension cracks

parallel to fault-B and sub-parallel cracks were observed
on the new highwall at the south part of the ninth slice in
August 28, 1989 (Figure 38a). This situation was taken as a

sign of instability. The following day preparation of an
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instability map was started (Figure 38b). A monitoring
network consisting of 11 target stations was set up behind
the crest of the highwall near fault-B in September 5, 1989.
In addition, 7 pairs of steel bars were fixed one on either
side of the main cracks and opening of tension cracks were

measured with a steel tape.

The rate of movement and separation of the rock mass
through the +tension cracks was considerably fast. As a
result of this, tension crack development extended to south
in a pattern ﬁarallel to other faults and joints. The
movement was limited in the west by a continuocus crack
probably 2 m deep which developed parallel to the toe of
temporary spoil pile. Thus, this part of the slice, where

the coal was eventually mined, was omitted.

A projection of vertical displacement data of each
station, plotted in Figure 39a, was made. By ll' September
when the rate of movement drastically increased it was
evident that highwall failure was inevitable. The first
slide, which is bounded by the fault, occurred in the south
(Figure 40). It was a spoon shaped, shallow seated slide
within the marls. In this area this slide was followed by
similar instabilities. The equilibrium was reached in

September 15.

Plunges of the resultant displacement vectors of the
stations near the crest are shallower than those of others
(Figure 37b). This probably indicates that failure is wmore
likely to occur along a shallov seated slip surface in the
form of a curve. This approach was alsc visually confirmed
by +the shape of first failure shown in Figure 239. On the
other hand, in this section sliding on an individual
discontinuity seems to be kinematically impossible due to
their corientations. Besides, it should be noted that planar
failures may occur with much less warning (Wyllie and Munn,

1979). However, trends of tension cracks generally
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Figure 40: Slide initiation and separations along

faults B and C in the new highwall at the
south of ninth slice (SP: spoil pile;
Plate 3-Photo. No.21).
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correspond to the strikes of discontinuities in the unstable
area. Thus, it can be stated that discontinuities more
likely act as release surface or surfaces of separation.
Detailed discussion of the failure mode in this area, which
is based on kinematic assessments, are introduced in Chapter
8.

5.5. Schmidt Hammer Tests

Non-planar bedding surfaces included in the limestone
rock mass of detrital facies along the basin margins have
not been sampled for laboratory shear strength
determinations. Thus, the shear strength of these surfaces
were amended to be determined by empirical equation proposed
by Barton (1976), and Barton and Choubey (1977). One of the
parameters employed in the empirical equation is joint wall
compressive strength (JCS). The Schmidt hammer, which is a
simple field test recommended by Deere and Miller (1966),

provides the ideal solution to determine this parameter.

Schmidt rebound number can be obtained as a result of
this test. Deere and Miller (1966) have shown that the
uniaxial compressive strength of rocks can be graphically
determined by using Schmidt rebound number and the unit
weight. Due to sampling difficulties of the limestone,
additional data for the uniaxial strength were also aimed to

be obtained by means of this test.

L type Schmidt hammer, which is applied vertically
downward, was used in this research. The application surface
was smoothened by emery-stone before testing. Unit weights
were determined experimentally in the laboratory. Tests were
performed in 13 locations where suitable limestone outcrops
including representative bedding surfaces exist. The test

locations, situated in the boundaries of 1:2000 scale
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documantation map, are shown in Plate 3 and the test results
are given in Table B.1 of Appendix B. The values of JRC and
unit weight range between 32 to 47.6 kPa and 22.7 to 26,5
kN/m3, respectively. Statistical analyses yield that average
JRC is equal to 41.7 kPa with a standard deviation of S.1.
However, considering weathering effects and small size
solution features in the rock mass, the lover bound of JCS
which is 36.6 kPa may be used in calculations. Based on the
average values of JRC (36.6 kPa) and unit weight (24.9
kN/m3), average uniaxial compressive strength of the rock is
estimated as 30 MPa from the "Schmidt hardness-uniaxial

compressive strength" chart given in Hoek and Bray L1877 ).

5.6. Field Sampling

Samples required for geomechanical laboratory tests
were collected through a field sampling program. In this
program block, disturbed and core samples were taken in
accordance with the sampling standards (BSI, 1981). Totally
58 block samples from each of the principal lithological
units and from dicontinuity surfaces, with the exception of

basement rocks, were taken from locations shown in Plate 3.

It was rather impossible to obtain test samples for
shear strength from the lignite blocks because of the
difficulty of sampling from a heavily cleated block sample.
Then only two suitable lignite block samples were available.
On the other hand, blocks from conglomerates could not be

sampled due to unsuitable outcrops.

Samples from the fault gouges were recovered with an
orientation parallel to the displacement. In some locations

where digging of sampling face was difficult, 100 mm square

by 20 mm thick specimen cutters were utilized for
undisturbed sampling (Figure 41). Some of the blocks wvere
¥. a
Tksel Qb gurule

Pokiimantasyon Markesf



Figure 41: Undisturbed and oriented sampling from
a fault gouge using metal specimen cutter
(Plate 3-Photo. No.22).
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also sampled from the surface of failures and by excavating
borrow pits. Disturbed samples, which are labeled with the
letter 2 (Plate 3), were taken from the soil materials for

soil classification tests.

In addition, borehole cores of different lithologies
and the coal were sampled. Taking into consideration the
possibility of sample losses during specimen preparation in
the laboratory, sufficient amount of core samples vere
taken. After labelling, all the samples were coated with a
succession of layers of microcrystalline wax using layers of
muslin and then were transported to the Rock and Soil

Mechanics Laboratories of M.T.A..
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CHAPTER 6

LABORATORY INVESTIGATIONS

Material strength together with geological structure,
groundwater and mining strategy are critical factors in
determining slope stability. Failure occurs when the shear
strength of a material is exceeded. A wide variety of insta-
bility mechanisms are operative in Eskihisar open pit which
involve failures along discontinuities and within weak
zones. Therefore, strength is an unceased input parameter of

the stability analyses.

On the other hand, some simplified tests, called as
index tests, provide indirect information about the engi-
neering properties of soils and rocks. These tests are also
indicative of other physical properties and help in defining
the limits of engineering classifications. It is presumed
that materials in a limited area with similar index proper-

ties will have similar engineering properties.

In this study, an extensive laboratory testing program,
using the samples collected from the site, was applied in
order +to determine engineering properties of the materials
and discontinuities encountered in the pit. The tests were
performed in M.T.A. Rock and Soil Mechanics Laboratories in
Ankara. Laboratory testing program consisted of two stages.
In the first stage, disturbed and undisturbed soil samples
and rock cores were used for index tests. The second stage
tests were carried out for the determination of strength
parameters. Strength tests were tried to be performed under
specific conditions as close as possible to in-situ

conditions, such as normal loads and moisture conditions.
The methods in accordance with the procedures
recommended by the most popular international test standards

were employed. The test data were evaluated using some
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computer packages, which are general statistical computing

systems. Testing program involved the followings:

a) X-ray diffraction analyses

b) Unit weight determinations

c) Atterberg limits tests

d) Grain size distribution analyses

e) Slake durability tests

f) Intact rock strength tests (uniaxial and triaxial
compression tests)

g) Rock shear tests on discontinuity surfaces

h) Soil shear tests

6.1. X-ray Diffraction Analyses

Sixteen X-ray diffraction analyses were carried out on
soil wmaterials from the pit. They were representative
samples of scrapings from fault gouges, the deposits of
transition =zone and Turgut formation. Atterberg limits of
most of these samples were also determined. The tests were
performed to investigate the type and relative quantity of

the minerals present in each of these soil materials.

The XRD diffractograms were obtained in M.T.A. X-ray
micro analysis laboratory with the wuse of JOEL JBX-8P
diffractometer. Diffractograms from normal, ovened and
treated with ethylene glycol preparates in the order of

abundance of each mineral (Appendix A, Table A.2).

X-ray analyses revealed that fault gouges and
transition zone deposits mainly consisted of Ca-Na
montmorillonite and illite with smaller quantities of
kaolinite. They also contain non-clay minerals such as

calcite, quartz, dolomite, aragonite and traces of feldspar.

On the contrary, deposists of Turgut formation were found to
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contain significant quantities of kaolinite and illite,
while montmorillonite was the secondary. These deposits also
contain muscovite, chlorite, small quantities of quartz,
calcite, dolomite and very few feldspars. Derivation of this
deposit from the local mica schists basement rock is shown

by the presence of mica minerals within it.

6.2. Index Properties

6.2.1. Unit Weight Determinations

Unit weight is used as an index property in determining
the overburden loads acting upon the sliding surfaces for
stability analyses. In this study unit weight determinations
vere conducted on 365 test specimens composed of the
lithologic units in Neogene and the fault gouges. Machined
rock core specimens of cylindrical shape and soil specimens
prepared using 60 mm square 20 mm thick specimen cutter of
so0il shear box were used for determinations. Test procedure
suggested by ISRM (1981) was employed. On the other  hand,
unit weight of a few lump samples were determined according
to the bouyancy technique (ISRM, 1981).

A computer package, named GEO-EAS (Englund and Sparks,
1988) was used in statistical analyses. The results of the
unit weight determinations are illustrated as histograms in
Figure 42. The mean value of each histogram was calculated
as the representative of the unit weight of each unit (Table
6). The results show that the unit weights are distributed

in an approximately normal form.

Considerably similar wunit weights were obtained for
main Sekkdy formation, transition zone material, deposits of
Turgut formation and the fault gouges which are rich in clay

size material.
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6.2.2. Atterberg Limits and Moisture Content Determinations

Atterberg limits of soil marterials (liquid limit, LL;
plastic 1limit, PL; plasticity index, PI), which aré most
useful for engineering purposes and necessary for soil
classification, were determined in this study. Totally 25
samples from fault gouges, claystone of Sekkdy formation,
transition zone and Turgut formation were selected for the
tests. The material passing the 425 pm (No. 40) sieve of
each sample was used. Tests were carried out following the
method proposed by ASTM (1985; D4318-84). In addition, the
moisture content of some tests samples, which preserved
their natural woisture were also determined according to

ASTM D2216-80(1983).

The +test results are summarized in Table B.2.1. of
Appendix B. The ranges of Atterberg limits determined for
each soil type and their mean values are given Table 7. The
majority of the tests indicate that the liquid 1limits are
greater +than 50%. Means and Parcher (1963) suggest that
soils with liquid limits of 50 per cent or above probably
indicate the presence of montmorillonite. This was confirmed

by X-ray diffraction analyses.

Fine~grained materials sampled in the study area, with
the exception of +two samples, have plasticity indices
greater +than 20%. Based on the plasticity classification
system (Leonards, 1962), these soils may be classified as
plastic and highly plastic soils. The variation in the
plastic 1limits probably resulted from the presence of
nonclay minerals as pointed out by Grim (1962). Howvever, it

increases for materials rich in montmorillonite.
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Table 7 : Results of general statistical evaluation of the
Atterberg limits

LITHOLOGY RS AL (%) P1 %)

aR Nusber

FORMRTION of test  Min. Hax. Mean &D Min. Max. Mean &D Min. Max. Mean 5D

Fault gouge 10 3% 106 7.2 20.6 19 51 35,2 10.5 15 59 3 145

Transition zone 7 4 71 9.6 10.2 e Y 3.9 i3 43 2h.6 A2

Claystone # 3 42 60 9.3 8 21 B 8.7 21 &% 2.3 2.4

Turgut formation o B 87 #7244 3.8 9.6 14 S 3 &6

68.8 8.2

: Claystone in the upper levels of main Sekkdy forsation.
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Natural moisture contents of the fault gouges range
between the 1liquid 1limit and the plastic 1limit. This
indicates that fault gouges are in plastic state. Heave
potential may be estimated from index test data. Soils were
grouped by Van Der Merwe (1964) into four classes from very
high to low potential expansivity. Clay fraction versus
plasticity index data of the soils of which Atterberg limits
and grain size distributions were determined, were plotted
on a graph (Figure 43). Distribution of the plotted data
indicates that transition zone deposits and fault materials
belong to the categories of low and medium potential
expansiveness, respectively. Whereas, fine-grained deposits
from Turgut formation have expansivenesses ranging betveen

low and very high.

Skempton (1953) gave quantitative expreassion +to the
influence of the clay grade upon plasticity of soils by
defining a parameter termed the activity. This is the ratio
of the plasticity index to the clay fraction of the soil
expressed as the percent dry weight of less than 2 pn
fraction. According to the activity classification suggested
by Skempton (1953), soils from transition zone and fault
gouges are active and normal active soils. Whereas, fine-
grained solils of Turgut formation show lover activities. On
the other hand, according +to Mitchell (1973), the
approximate activity values for smectite group, including
montmorillonite, range from 1 to 7; for illite 0.5 to 1 and
for kaolinite 0.5. The result of the analyses (Figure 43)
showed that soil samples rich in kalonite and illite (Table
A.2) had activity values smwmaller than one or approximately
one, wvhereas increase in montmorillonite resulted in higher

activity values ranging between 1.5 and 4.3.
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6.2.3. Grain Size Distributions

In order to investigate the characteristics of the soil
materials and to classify them for engineering purposes and
shear testing, particle size analyses were carried out.
Tests could not be performed on claystones of Sekkdy
formation because of +the very limited quantity of core
samples. Based on the basic field identification procedures
performed on fine-grained socils with very high plasticity,
some of the Atterberg limit samples were not needed for
testing. Thus a total 20 samples were selected from

Ay

different soils for the purpose.

Tests were conducted in two stages consisting of sieve
and hydrometer analyses because of the presence of various
size grains in the soils. Method of wet mechanical analysis
wvere employed to prevent probable underestimations due to
clay and silt proportions. Analyses were carried out using

the method suggested by BSI (1975; BS 1377).

The laboratory results are summarized in Table B.2.1.
of Appendix B. In addition, some of them are presented in
the form of cumulative grain size curves (Figure 44). In
order to determine whether the coarse-grained material is
well or poorly graded, coefficients of uniformity (C,) and
curvature, (Cg) were also determined for each sand samples

(Table B.2.2.).

In general, majority of fault gouges consists of clay
and silt fraction. However, a few samples contain large
proportion of poorly graded sand size material. These
coarse-grained materials belong to rock clasts resulted from

faulting.
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Soil samples from transition zone may be considered in
two groups. The first group has a significantly higher clay
and silt fraction which are the dominant soil type in the
zone according to the observations at the site. 1In the
second group soils, which were sampled from thin layers and
lenses, sand size grains are dominant with the mixture of

silt and clay fraction.

The high percentage of fines were found in the samples
taken from +the upper zones of Turgut formation which 1lie
just below the coal seam. On the other hand, in the lower
levels the wmaterials appear to correspond +to reasonably
vell-graded sands with a relatively small proportion of silt

and clay size particles.

A clean sand having both C, greater than 6 and Cg
between 1 and 3 is well graded, otherwvise it is a poorly
graded sand. According to the values of C, and C, given in
Table B.2.2. sandy soils are mostly well graded. However,
they contain appreciable amount of fines. Therefore, they
cannot be accepted as clean sand and their gradation vary

between poor and well categories.

6.2.4. Soil Classification

Sorting soils intoc groups exhibiting similar behaviour
is wvery helpful. Such sorting helps to obtain systematical
source of information on probable soil behaviour and
guidance for strength test program. Many systems of soil
classification for engineering use have been proposed . It
appears, however, that the Unified Socil Classification
System (UCS) adopted in 1952 by the U.S5. Bureau of
Reclamation (1974) is the most widely wused system. The
system is based on the Casagrande’s (1948) soil

classification for airfield projects.
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For the classification purposes, the samples given in
Table B.2.1. were divided into two groups with respect to
their grain sizes using the 50 percent criterion. With this
system the coarse grained soils were classified on the basis
of criteria given in Table 8. The fine-grained soils were
classified on the basis of plasticity chart wusing their

values of liquid limit and plasticity index (Figure 45).

The so0il group symbol of each sample, determined <from
Table 8 and the plasticity chart, are given in Table B.2.2.
Atterberg limits of the majority of 24 samples from the
fine-grained soils show a systematic distribution of data
points, concentrated around the A line on plasticity chart.
About 80% of data points lie within +the MH-OH and CH
categories. The results indicate that majority of the <fine-
grained soils in the study area have similar PI/LI ratio and
high plasticity. They mainly consist of organic and
inorganic clays of medium to high plasticity and micaceous
fine clayey silts or elastic silts. About 20% of the samples
fall into CL category of inorganic clay of low to medium
plasticity. A very small proportion plotting below the A
line is in the silt range (ML-0L).

The coarse-grained soils possess the characteristics of
the SM category. They mainly consist of poorly-graded sands,
silty sands and sand-silt mixtures with a small proportion

of clay fraction.

Based on the determined soil groups and engineering use
chart (U.S. Bureau of Reclamation, 1974), for the wmajority
of +the fine-grained soils of the study area fair +to poor
shear strengths may be anticipated where they are saturated.
Whereas, sands and sand-silt mixtures may probably possess
higher strength. On the other hand, the permeability chart
involving different socil groups indicates very low

permeabilities for the most soils of the site (Figure 46).

11le



(696T ‘UBWITYM pue aqueT UT {/G6T) Jaubey I331FV -

TPIBPURIS "'} JIW LT K1 TO ST IS ((V
1 d sitos “nacpofisseyy uvpunog o

*30purq A€ I NIXI PUES-SARIE PIpRIS (124 ‘D9~ D Srhumuxs t04 *stoqmiks dnoss o suonTmqmos Ag PPN are sdnois omy jo

ANIXIN

158907 taowd snos £ Suod 1 Ay
m Cp puv Gy toq o1 | rmdso Awsm oo pue vuag | | Tons g (usntan pus oog aieds oS a0
[8311134 SNOL3WNY P
15ISS! 210qe| J . asnsed wpaw M018 A2 usiy »
108 pauesd 2w Jo uenessE> Aiyeioqe 0 e S p—_ N I el Rl 258
. sspdaeny PR R RAEL ysg oA € w
yuny pinbry -sed_yarg o skepy ouwssoup | HO umH uoN o1 yary g8ag S
The N SUOIPUOD IBeUTRID prre SIS SNISELD SIS KIS - K
1 15 ot urmypsm Suou WP 5 P4
e e T P s oy | 19 St g wememniry | wn | SR | ovies | Sihems i 5%
b= "-1) c | Souneis fumonns o donen Tusnsmd mof jo sher winipa oo
HY E\l\.ﬂ n=+—01 & | ~Iosut PPE Sl0S pIqImsipun Jog -1 STwRIo puw S Stuedio 10 tiad nors o 14sys o.wa.
] Y 3 sasagyuased uy joquks pue © shwd ue N
Ho ~ 0za m. TCOBIIONTY  3Al it =" ‘skupd Kyprs ‘shepd> Apuws ‘sdepd » — Mo L1394 qang M WJI
— = -tnad 1310 pue ‘auwy 21801038 | Ajjaamas ‘Auonserd  wnpous - g a1auoN | o1 umipape L@ L
Z o, m. 10 1¥00] *Aue ) mopo ‘uonpiod 01 M0] Jo sdwpd  ojuemiouy g5s 28
=z o —j0E & o | 1w w anos :supms “xie0d Anonsmd wmm 2 mw.m.
- wopa Lumsed Busesssy) G 5 JO IS WNULXBWL pUE Junowe " kaki mors 3 & o2z
— sstars whuans kip pua ssauydves o Q. | 3 | Uwonsed jo  swomieus puw DTS X b ™ IuoN o1 XA o oN N RS
a&& m m L“ _" W ] 5 32189p ANwput mwu tesidL1oan Jug 4Aiaa pus siiis Siuediou] Mu.m -3 M
27— I . I T —] 06 o -~ 2
===t il | e | R P
1 1 T = I T = £ thl
— 0 W 1 C | wmmang 0ag w
m 2§ AS OF “ON URYS II[ETIG LTINS U0 SUNPI0LY Honegruspy m.
L ueqy oieus - wanIXIUE Kepa-puws (MO 75 o8 i =
j0 i Hmsu&_ @_h.ﬁﬁw.en ..<.~..< ] m popest Apood spave saimo | 2% | wampasosd wopesgnuspy o)) s g umw um .m.w w
M 31313 .
=00 suptiopioq i 8% m. (AS) 3g43°e 3 8 3
ur L puv ¥ $ @ wm 2 spues rejanyw 29owd wu 1sjou sasmyxpat ity © (mO01aq TH¢ 338 ‘eampay c2glel @ Z22 |E
U813 I QA | awqissatpg 10901,V %WMs ww g2 pus paiseduios ram i -puws papust fuood ‘spums ks | A | oud 1)) saug onswduony | RF F 7Mm. 2
M «V. OV | mopq swum Siaswy | 53 mm.l il g n__ _uulc .usaao. s M 7P M
- 29 KO 2 wuy spies sz POWLIUT IWOS = 38
MS 18 L jepus I 10N mm.w.u a i W_vﬂ.n.o. .Hﬂ-u_uﬂﬂ_xhwnu Apaawss .ovuuauevwwﬂ_u. Kuood ds “ﬂﬂdﬂﬁne -Shu:-u.o w..:qcahuh.& v.‘.mm Wm. mmm.m. 7 M.K
Satg w saprsed [2Am18 rensus ‘pivg pzb 188 S5 |7 um
g x%q ® G4 B 8| %oznoqu 1Aanes ‘pu Lis 2248 §ep (33 m g mmm
€ PUe | uRAg TR m i3 ordwry P — s o (wu i3 5 Muuw
0y 2 woamw ef & [ JEVreID AMaams ‘spuvs popmus I3 3_ ._§3§§-5E£=§§3 a mw 3 mw.w
9 MM AN - = 5 & ' 3 31
a a3 XX u puw P 1 B wao
23856 3 olZ22 ® WJW
1wy s3ws "aDOmm m. 2 b o w118 UO TON SUITR A[O-PUTL-[3AIE Mo13q 7D 3% 53 L
o Fxﬂuﬁm !Bumh.ﬁa.d_._h.«.:z m w.?aw.m. 3 g mc-&a._oﬂ.v%cu. ad.awxazvﬁdem papwis Apood ‘spaman Aam) | 92 | weanpesosd vopeognzops 105) soug ema wmw w.m. m.u. ww .W mmm
1 9% 2 2 L3839 F
sxes  aqpuopaoq 7 MMu g 3383=8s 2 3
are Lopue ¥ ¥ usq ..w..o.. g Woaiin iy s-pave-raans (M013q To¥ 298 TUNDS % 3% 2z 2
TOMIQ [ TUR | seof g 10 oud LY. | % samm g iy 35?2385&;:43.%5033 _83.-.2: ».Noﬂh_ sppaess s | Y2 | ot oor Pt 10j) s3ug 3 N] CF 5 23 ® MWW mnl
T oV. MWV | mopa swmm sqimy | g0 I e 31301008 10, P01 -ujes 83 et
s 4k w %00 OQ) JO SOUPIMY DU | gouyou o afi ‘eammrxT puve Jp | Fummm s smpsmog swos yie - g s3&«
M5 101 b spert (1 1N 3 * g ntp avepns ‘Al <3AW8 ‘spAsid popwis Al0og SIZIS JO JNUEI ¥ 10 3218 3O A[IUSUNNOPILY mm a M )
a m.m m 73 wnuprTy ({38 puw S 25 M m.l
g x g 4 § 53 3 puws Jo saswiuasead o_qumﬂu“w 23 ' mm
H uuga nuﬂ_- -
€ puw { uIaIg D, -3y o um m. -dw WIPw LU 1) 0] ou 10 MY ‘MmN puws M9 “.ﬂ:lmn:-wm-ﬁl i“ . wm ]
d _a -PAmE ‘spAmIS  pIpwt [ i 12w Uy Pues
¥ uvQ aneuO g ™ 2
- (HIUSIa pIMANSS
" . 08 QLA N o4y (noquidg VO ROSWS SN PUR U ¢ UYL sasrey opnusd RIDNETID
wopesyRI) Loiuoqet 30) pumbay GonvuLouy dnoun) wmpacosg voreoyrreap] praed

-UOTABITFTSSET] TTOS PIATATUN g aTqe

117



*3IeyD L3roriserd
8yl uo eage 4Apnis 8y} Jo STTO08 pautesb-aury Jo UOTINGTIISTQ :Gp sInbBty

00!

(1ey> a9yl w papold jou-gg gl Jop 00L{T1)  GZiSISA) O AquinN

auoyshe]) x uonew.od Inbing o QUOZ uOIMSUR) W abnob jjneq »
(%) 3w pinbiT
06 08 oL 09 05 o os o2 ol oo
7

VW Zo )
p{=Ea "N e

*
HO-HWN \\\\\

70

{%) xapul A321is8€id

({820 WLSV)
jaeyD LAyoniseld

. | _

118



{kem/s) 102 0 10 100 w02 103 10? 10% 108 107 108 109
] | S—— S N—————
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Fine sands,organic i
TYPE OF | CLEAN CLEAN SANDS, and inergania silts, HOMOGENEOUS
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Figure 46: Graphical presentation of coefficients of
permeability values of different types of
soils and the methods of determination of

permeability ( Rearranged from Jumikis,
1967 and Kezdi, 1974).
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Materials or formations possessing soil characteristics

were engineering geologically described in accordance with

the information yielded from index tests and soil
classification:
a) Fault gouges : These materials contain small

b)

c)

d>

proportion of rock clasts in a matrix of olive and
light gray, highly plastic clay, rich in
montmorillonite, and inorganic elastic silt that
locally can be tan-brown due to limonites. The rock
clasts, which are in sand or fine gravel, have a
floating texture where they are not in contact with

each other.

Transition =zone soils : This zone is mainly

composed of oclive and greenish gray micaceous clays
and dinorganic clayey silts of high plasticity.
However, well-to-poorly graded, moderately packaged
olive and gray silty sands are also included in the

from of pockets, lenses and unpersistent levels.

Depogits of Turgut formation : 0On +the basis of

information available from the shallowver levels of
this <formation micaceocus, highly plastic, gray and
black clays and elatic silts are present just below
the coal seam. Below these fine-grained levels,
medium to dense, dark gray silty sands and silt-sand
mixtures take place in the alternating form with

clays and =ilts.

Claystone : This lithology, in the upper levels of
main Sekkdy formation behaves as a soil material.
It is composed of grayish olive, highly plastic,
homogeneous, thinly-bedded clay. It becomes softer

when it comes into contact with water.
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6.2.5. Slake Durability Index

Many rock materials, notably those with a high content
of clay minerals, are prone to slaking. This is the property
of an wunconfined, undisturbed sample of rock or so60il to
swell, weaken and distintagrate when subjected to drying and
rewetting. It is important from the material behaviour point

of view in a slope.

Slake durability index determinations were carried out
on marl samples collected from geotechnical boreholes,
according to the method suggested by ISRM (1981). The test
results (Table B.3), 4indicate +that values of slake
durability index (Ig4p) ‘are very similar. The mean durability
index is calculated to be 93.6% with a standard deviation of
2.2. The rock unit has a high slake durability according +to
Franklin and Chandra’s (1972) durability classification.

6.3. Intact Rock Strength

If the discontinuities are not critically oriented but
the rock substance is weak, instability wmay occur through
shearing of the intact material. The strength of jointed
rock masses in nature lie between the strength parameters of
the intact rock substances and the strength of
discontinuities. On the other hand, intact rock strength is
a most useful index parameter directly and indirectly used
in many classification systems of rock substance (Coates,
1964; Deere and Miller, 1968; Stapledon, 1968; Geological
Society of London, 1970; Broch and Franklin, 1972; Jennings
et al., 1973)and rock mass (Bieniawski, 1973; Barton et al.,
1974). Thus, +to achieve these objectives, extensive
iaboratory work including uniaxial and triaxial tests were
carried out on intact rock specimens to determine their

mechanical behaviour.
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6.3.1. Uniaxial Compressive Strength

This method of test is intended to measure the uniaxial
compressive strength of a rock sample in the form of
specimens of regular geometry. The test is mainly intended
for strength classification and characterization of intact
rock (ISRM, 1981). \

In accordance with the suggested procedures of ISRM
(1981), specimens of intact core samples from different rock
units were prepared and then tested wusing the motorized
compression wmachine with 1530 ton loading capacity. Loading
wvas controlled by means of load pacing unit. Load on the
specimen was applied continuocusly at a constant stress rate
such that failure would occur within 5-10 wminutes of

loading.

At least five specimens wvere tried to be tested from
each rock unit depending upon the availability of cores of
convenient size for the test. But, only three tests could be
performed on the limestone. Because only a few cores of
limestone were collected from two boreholes. Besides,
fractures and small cavities vwere resulted in sample losses
during sample preparation. Problem was alsoc faced on lignite

cores, due to their rapid drying and ravelling.

Totally 72 core samples with a diameter of 47.6 mm were
tested. The measured uniaxial compressive strengths of the
tested samples are tabulated in Table 9 and graphically
presented as the frequency versus strength histograms with

statistical parameters for three rock units (Figure 47).
It is seen that, conglomerate and limestone of the

detrital facies have the highest and weak sandstone at very

shallow depths has the lowest compressive strength
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(Table 9). Strength of the sandstone increases with depth
where the effects of wheathering is negligible. No
significant differences between the strengths of laminated
and compact warls were noted. Therefore, their strengths
vere assessed in the same group (Figure 47A). On the other
hand, conglomerates indicate high standard deviation value
than the other types of rock. This probably resulted from
different ranges of weakening due to small cavities and the
limited data for statistics. These results show that the
uniaxial compressive strength of each rock unit with the
exception of conglomerate and limestone are distributed in

an approximately normal forms (Figure 47).

6.3.2. Classification of Intact Rock

Classification of intact rock deals with the material
removed from its environment and devoid of discontinuities.
Rock wunits of the study area were classified according to
the strength classification system for rock substance
proposed by Deere and Miller (1966). This covers almost the
complete range of the rocks met in mining and civil
engineering and is based on both the strength and
deformation characteristics of the rock. In this study, the
classification based upon uniaxial compressive strength was

used (Table 10 a).

The classification (Table 10 b) indicates that the
majority of +the rock units, also including lignite, lie
within the E category rocks with very low strength. However,
limestone and conglomerate are classified as low strength

rocks.

125



able 10 : Strength classification for rock units of the study area

) Strength classification for rock substance (after Deere
and Miller, 1966)

lass Description Uniaxial Compressive Strength
{MPa)
A Very high strength >200
B High strength 100-200
C Medium strength 50-100
D Low strength 25-50
E Very low strength <25

1) Strength classes for the rock units

ock unit Class

leak sandstone (Tmy)
iard Sandtone (Tmy)
.imestone (Tmsl)
:onglomerate (Tmsd)
iarl (Twms)

.ignite

mBnoomm




6.3.3. Shear Strength of Intact Rock

The cohesion and internal friction angle for coal
measures rock types of the study area were evaluated on 27
test sets by triaxial tests. The wmachined intact core
specimens of 47.6 wmwm (NQ) diameter were tested by a
technique described by ISRM (1981).

In spite of the specimen losses of the limestone and
lignite cores at least two test sets consisted of three
specimens for each rock unit were prepared. The tests wvere
carried out at different confining pressures. The minimum
confining pressure applied is 1 MPa. The confining pressures
ranging between 1 to 3 MPa were selected. Loading was
performed din a Hoek triaxial cell. Specimens from the
sandstone were tested in three groups on the basis of +their

degree of weathering.

The shear strength of each sample was determined from
the graphical Mohr circle method as the intercept of each
failure envelope with the shear stress axis. Figure 48 shows
a family of Mohr’s circles for failure stress of a sandstone
sample. The confining presure (g3) and the corresponding
axial stress value (g3) for each specimen with the derived
strength data and statistical evaluations are given in Table

B.4 of Appendix B and Table 11, respectively.

Test results indicated that sandstone in each category
has more uniform strength parameters than those of others,
probably due to their homogeneous nature. Majority of marls
also show similar strength parameters amongst themselves.
Variations in strength parameters of limestone and
conglomerate may be explained by factors such as the
presence of small cavities, weathering effects and the
presence of different blocks of which strength properties

are not uniform.
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Sample No.: JT9 /l,12_1,12_2
Rock type : Moderately wedthered SANDSTONE
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igure 48: Typical Mohr circles and failure envelope for an
intact sandstone sample representing Yatadan
formation.
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6.4. Shear Strength of Discontinuities

6.4.1. Shear Strength Characteristics of Joints

Systematic and easily sawmpled joints were developed in
the main Sekkdy formation. From the stability point of view,
it is obvious that this formation, forming the largest part
of the excavation, will maintain its importance during the
life of +the pit. Thus, shear strength determinations of
joint surfaces were performed on the jointed samples taken

from this forwmation.

Taking into consideration the highly steep dips of the
joints the anticipated full range of in-situ normal stresses
acting on these discontinuities in a higwall or bench will
vary betveen a fevw tens and/or hundreds kPa, respectively.
It dis also noted (Barton, 1973) that lovw normal loads
eﬁcompass almost all slope and dam problems when compared to
the underground structures. Thus, it was considered to - be
essential that this condition should be duplicated in the

laboratory.

On the basis of author’s experience, the loads applied
by the portable shear box apparatus, which is most commonly
used in practice, produce normal loads higher +than those
produced in-situ. The smallest division of +the loading
gauges mounted on the box is equal to 1MPa. Therefore, it
vould unquestionably have resulted in more severe damage to
the veakness surfaces, particularly for discontinuity

surfaces, in marls, as being in this case.

In this study, the general requirements for direct
shear test apparatus and testing method clearly set out in
the relevant ISRM (1981) procedure was followed. The

author believes that these requirements may be achieved with
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soil shear wachine because of its adequate loading capacity
and strain control facilities without any significant
difficulty or loss of accuracy. It also provides to
determine the residual shear strength parameters which are

more important for stability assessments.

Motorised direct/residual soil shear test device with
shear box assembly was used for testing. Specimens from
block samples were cut to size to fit the shear box of &6x6x2
cm dimensions and then set into two halves of shear box.
Difficulties were faced in preparing intact joint samples
because the specimens tended to break along the bedding or
lamination planes and totally six representative specimens

could be prepared for the tests.

Testing can be carried out by either single or
multistage procedures (Udd and Pakalnis, 1979; Hencher and
Richards, 1989). In this study, single stage procedure in
which each sample is sheared at a constant normal load was
preferred. Barton (1973) pointed out that the presence of
water was found +to reduce the shear strength of rough
infilled joints, but hardly to affect the strength of planar
surfaces. Some of the instabilities in this pit were known
to have occurred after periods of precipitation. Thus, tests
on wet surfaces were required and water was introduced from
the shear box using a squeeze bottle. Tests were carried ocut
with multiple reversals and strain controlled +to achieve

residual values.

Rates of shearing below a few millimeters per minute do
not affect test results as a rule (Hencher and Richards,
1989). Some investigators (Schneider, 1978; Hencher, 1981;
Gillette, et.al, 1983) showed that very high rates of
shearing way give different strengths. Therefore the rate of
shear displacement of 1 mm per minute was applied and the
displacement wvwas continued to a travel about 13%. of the
specimen length (ISRM, 1981).
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Reading from the displacement and shear force gauges
were evaluated to calculate the strengths using the computer
programs named SHEAR and REVERSE developed by the author
(Appendix E.1). The values of peak and residual shearing
stresses which were obtained for all of the £ests are
plotted in Figure 4%a and given in Table B.S5 of Appendix B.
The results display little scattering.

In the statistical analysis of the data, both linear
and power curve (geometric regression) relationéhips, which
fitted to the experimental results best, vere derived.
Statistical analyses and plotting of the failure envelopes
wvere performed using a conventional statistical computer
packaged named GRAPHER (Golden Software Inc., 1986). In both
cases very high coefficients of correlation were obtained
(Table 12).

During the +tests no dilation was noted. Residual
shearing was achieved to the last stage of the forward
positions for each specimen. This situation is illustrated
for some specimens in the form of graphs showing shear
stress versus shear displacement in Figure 49b. These plots
indicate the behaviour of clean and/or thinly coated joints.
For this type of joints shear strength rises to a clear peak
followed by a steady decline to an almost constant
(residual) value with shear displacement (Papaliangas, et.
al., 1990). Thus, the displacement plots also confirm the

surface features of the joints.

Many investigators (Udd and Pakalnis, 1979; Hassani and
Scobie, 1982; Udd and Betournay, 1983; Hencher and Richards,
1989; Singh and Gahroocee, 19889) indicate that a persistent,
clean, smooth and planar discontinuity (not dilating) will
show a purely fractional resistance proportiocnal to normal
stress. However, Hencher and Richard (1989) also pointed out
that cohesion wmay result due to secondary mineral coatings

forming chemical bonds across the surface. This conclusion
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'able 12 :

Results obtained from the analyses of laboratory

shear tests on discontinuities and soil samples.

DIGCONTINUITY/SOIL TYRE

LINEAR REGRESSION (r=c+tando)

BEGHETRIC REBRESSION (0=AcB)

] o (%) {%)
{degree)| (kPa) r |Ghear Strength |Shear Strength tand r
FRULT {Peak) 25.97 | 18.11 0,902 |1=18. 1140, 4B72q| r=1,957c0- 167 |{,5¢0-2583 0,502
BOLGE (Residual) | 17.56 | 9.73 [0.896 |r= 9.73+0. 31640 {r=0,90100- 823 10, 746070171 Jo, 527
\g&nggégs {Peak) .19 | 22,96 ]0.963 |7=22.29+0.73160|r=2, 23200- 819 |1, g2ge~04 181 10,97
(Smooth-planar) (Residual){ 26.48 | 12.51 [0.926 |v=12.5140.49820{7=0.711¢0- %9 lo,6a270- 041 1o, 36
JOINT {Peak) 33.4 8,71 10,977 lr= 8.71+0.65870|1=3.298¢%-648 |2, 137¢70- 332 10, 91
SURFACES
(saooth-planar) (Residual)| 31.8 355 [0.969 {r= 3.65+0.6190 {r=0.865¢%- 368 {0,837070-0% (0,984
BEDDING {Peak)  [43.97 5,98 |0.978 lv= 5.98+0.96460]7= 2.24 o0-823}1, 843¢70- 177 10,976
SURFACES  (LBAT)
(Transition
between undulating ard
suooth) (Residual) | 30.02 3.05 10.988 {v= 3.05+0.5778¢ - = -
BEDDING {Peak) - - - - 1= 1.7570%- 908} 1, 595¢70. 0% | 4
SURFACES
{Undulating-planar} (Res.) {33.356 0 0,989 {7= 0.6635 ¢ - - -
TRANSITION IONE (Peak)  |26.96 £0.07 |0.9% |r=50.07+0.5085¢|r=13.76¢0- 447 lg, 15¢70:353 19,953
{Tasz~Fine (Residual) |22, 52 4,93 |0.972 |v=4.93+0. 41460 |v= 1.07600-818)0, 8800182 15,951
saterial) #x .
TURGUT FORMATION (Peak)  |e4.71 | 7.59 10,979 |7=7.59+0.4601¢ |r= 2.1500-883 | 1 4g8e70- 31700, 973
{Residual} {17.21 0 0.998 lr= 0.3097¢ 7= (), 300 0. 302
{Black clay-LB4d) 0.4998
TURGUT FORMATION  (Peak) |26.90 134,30  |0.981 |r=34.20+0.5521g|r= 5.755¢0-606] 3,4a7¢70: 394}, 947
{Fine material)®*
{Residual) |20.98 | 0 0,920 |r= 0.3830 = 0,374t 0.374 0.963
CLAY (Peak)  |@2.76  |15.85 0,932 |v=22.76+0.4197c|1= 1.811¢0- 196 1,363¢0- %410, 57
{Main Sekkdy fors.)
(Residual) [14,33 | 7.36  ]0.95 |r= 7.96+0.25660|7= 1.74800-63¢] 1,143,70- 30,54
p{¥)  Coefficient of correlation.
L2 £lay and silt size material.
c Cohesion.
] Internal friction angle,
A,B  Contants experessing the shape of the curve.
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is also valid for the joint surfaces investigated in this

case, due to the existence of very thin coating.

On the other hand, the envelopes (see Figure 49a)
become closer at normal stresses of about greater than 20
kPa which corresponds to a bench height of 7 to 8 ﬁ. This
suggests that there will be no important difference in
using shear strength parameters derived from linear

relationship.

6.4.2. Shear Strength Characteristics of Bedding Surfaces

Shear strength determinations of bedding surfaces were
conducted on two groups on the basis of surface asperities.
Planar and smooth surfaces from the main Sekkdy formation
were included in the first group. In the second group,
undulating planar surfaces from limestone were tested using
the combination of experimental and emprical methods.
Unfortunatelly, suitable specimens of coal from the limited
block samples could not be prepared due +to the crumbly

nature of the coal.

6.4.2.1. Shear Strength of Smooth-Planar Bedding Surfaces

Totally 39 specimens were prepared from 8 different
block samples of laminated and compact marls. Bedding
surfaces tested were partly very thinly coated with fine
méterial and partly fresh with no evidence of gouge infill.
The tests were carried out on 8 test sets consisting of
minimum of 4 specimens of each to achieve representative
failure envelopes for each set. The same methodology and
testing eguipment previocusly mentioned for the joints were

also used for the bedding surfaces.
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Test results were obtained on samples that were sheared
after their surfaces were made wet. In addition,sample LB4
was tested under dry condition to compare the effects of wet
and moist conditions on the shear strength. The special
tests on sample LB4 yielded that peak cohesion values were
71 kPa and 23.3 kPa for dry and moist surfaces,
respectively. These results from adjacent specimens, both at
dry and moist conditions, indicated that moisture causes a
sharp reduction in the cohesive forces in marl. Cavounidis
and Sotiropoulos (1979) and Fazio and Tommasi (1990), who
performed shear tests on marls and interbedded marly layers
and obtained similar results, argued that saturation or
moist results in a large reduction in peak shear strength
because of marl’s strain softening property. Taking into
consideration this effect and site conditions, it was
concluded that +the shear strength parameters determined
under moist conditions would be more realistic for this

case.

The test results and the shear strength parameters from
the failure envelopes based on the linear regression
analysis are summarized in Table B.6 of Appendix B.
Statistical analysis of the shear strength parameters are as

follows :

Peak Shear Strength Residual Shear strength
Cohesicn, o Internal frictisn Cohesion, o, Infernal friction
{&Pa} angls, Ep {degree) {kPal anple, #, (degree)
Pean 8D Kean ] ¥ean 83 Mean ]
2LE3 823 3623 4,07 iL.42  9.04 26,32 b 40

Referring to the results, it can bé stated that there
is a close agreement between the shear strength properties
of the samples. Thus, to obtain general failure envelopes of
peak and residual stregth representing bedding surfaces, all
data were plotted on a single g-7 graph (Figure 50a). Both
linear and pover curve relationships were fitted to the

¢
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experimental data with very high coefficients of
correlation. Although the fitting of power curves yielded
coefficients of correlation 1-3% higher than those of linear
fit, these two types of curve fit into one another at normal
stress level of 100 kPa. This lover stress level corresponds
to in-situ conditions, such as a cut of 6 to 7 m high which
is the lower bound engineering range encompassing for the
slopes under investigation. Thus, it is concluded that the
linear failure envelope may confidently be used in slope

stability assessments.

Majority of +the test specimens reached +the residual
values at the end of first forward motion of the shear box.
However, fewer specimens required greater displacements
through multiple reversals to reach residuals. As reported
by Fazio and Tommasi (1990), this was probably caused by the
progressive reorientation of the scales along the shear
plane. Shear stress-shear displacement graphs of some
‘specimens illustrated in Figure 50b, reflect the behaviour
of smooth-planar surfaces (Papaliangas, et al., 1990)
Referring again to Figure 50b, residual strength of these
bedding planes will be mobilized after a short period of
time with considerable small displacement. This result is
also supported by the studies of Barton (1973) on weakest

rock discontinuity surfaces.

6. 4. 2.2. Shear Strength of Undulating-Smooth Bedding

Surfaces

Both undulations and smaller-scale roughnesses
contribute to frictional resistance to sliding. Because of
this, the value for the angle of friction is comprised of
two components. The components (9p) and (i) are wusually
termed the base friction angle and the effective roughness

for wundulating surfaces. Because of the difficulties that
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vere encountered in obtaining suitable samples from
limestone, it was decided that shear strength would be
determined by using the empirical shear strength criterion
for rock discontinuities proposed by Barton (Barton, 1973;
Barton and Choubey, 1977). This criterion is given by the

following equation;

1= 0o tan [JRC logjg(JCS/apn) + 841

where
T ¢ peak shear strength
¢n : normal stress
JRC : joint roughness coefficient
JCS : joint wall compresive strength

@y : base friction angle

Determination of the parameter #p was carried out on
smooth and planar surfaces (Barton and Choubey, 1977; Hoek
and Bray, 1977). For the purpose, six artificially produced
smooth and planar surfaces from the limestone blocks (LBS4)
were prepared by means of a smooth diamond saw cut.
Following the standard procedures the shearing strengths for
a range of applied loads were determined. The results are
shown in Table B.7 and Figure 5la. The failure envelope was
found to be linear indicating that the basic friction angle
was 33.5°. This quantity falls into the range of @y values
for most smooth unweathered rock surfaces which lie between

25° and 35° (Barton and Choubey, 1977).

The mean values of the parameters appearing in the

above equation,

JRC = 36.6 MPa; JCS = 6; Oy = 33.5°
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were employed with selected normal stress values as input
parameters to derive the strength envelope shown in Figure
51b. As pointed out by Barton (1973), a non-linear shear
strength envelope indicating a stress dependent friction
angle was obtained. However, nonlinearity of the envelope is
not distinct. Therefore, referring to the envelope and
equations in Figure 51b, reduction in internal friction
angle from lowest stress levels to the highest, which
corresponds to 6 m and 50 m cut heights, is not sharp and

ranges between 46° and 41°,

On the other hand, some bedding surfaces showing
transition between smooth-planar and undulating-planar
features were observed in Ertrans Section and in the
vicinity of highway bridge in limestone rock mass. Totally 8
natural surfaces, with very small asperities, prepared from
the sample LB47 representing this bedding surface, were also
tested in accordance with the test procedure applied for
joints and smooth beddings. The test results (Table B.8) are
‘plotted in Figure 52. It is evident from the failure
envelopes that at shallov stress levels the angle of
internal friction of +this type of surface is 6° to 7°
smaller than those of more undulated dominant surfaces.
Residual strength envelope best fits to linear relationship
due to the shearing of small asperities during multiple

reversals.

6. 4.3. Shear Strength Characteristics of Fault Gouges

Fault gouges in the study area contain very swall rock
clastgs floating in a matrix of highly plastic clays or
clayey elastic silts. Barton (. in Miller, 1982) pointed
out that undulations of the rock surface on either side of
the =zone would notvadd to the zone’s overall strength. The

walls of the faults in the pit are planar with a few
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exceptions. Even if an undulation is strong enough to
support riding up, the gouge is not, therefore over a period
of time it will flow around such an undulation. This flowing
vould require energy from the sliding block and might tend
to dampen the'slide, but it would not add to the strength of
fault zone. This results in the behaviour of fault gouge as
a clay. Thus, shear strength determinations along the faults

were carried out on the orientated gouge samples.

For a cutting in a clay, the long-term stability is
considered critical. Because pore pressures are initially
low or negative and "gradually increase towards steady
seepage pore pressures. The increase in pore pressures
causes a decrease in effective stresses (Deen, et al.,
1977). Therefore, drained conditions are wmore important for
the end of construction case. Thus, consolidated-drained
test method (ASTM, 1985; ASTM D3080-72) was employed.
Totally 22 test specimens from 7 different gouge blocks
were prepared. The tests were carried ocut in the mnultiple
reversal shear box, care being taken +to arrange the
specimens so that the shearing follows the natural direction
of movement. Each specimen was consolidated under the
appropriate normal load and then sheared until the residual
condition was reached. So that a peak and residual shear
strength of each specimen was determined for a particular
load {Table B.9). All the tests were run at a strain of
0.042 mm/min to allovw the contained water to drain and to

avoid an undrained loading effect (Lambe and Whitman, 1969).

Generally peak shear strengths were reached after only
a few millimeters of displacement, but the residual
strengths were reached about 12-13% displacement (Figure
S53a). The reversal of shear box means a slightly oblique
clay mineral alignment near the shear surface will suffer
some particle readjustwent with each change in direction
{Hawkins and Privett, 1985). For this reason, residuals for

some specimens were reached at the end of the reversals.
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Based on linear fit each set (Table B.9) indicated that
the samples rich in clay and silt size material (LBS,
12, 23, 35, 36) show similar shear strength parameters.
Whereas, other two samwmples, which were clayey and silty
sand, had greater internal <friction angles and lower
cohesion values. Considering that the majority of the fault
gouges in the pit are represented by plastic fine material,
the data from the first five samples were plotted to obtain
a general failure envelope for the fault gouges. The failure
envelopes wvwere fitted by both linear and povwer curve
relationships (Figure S53b). The same coefficients of
correlation wvere obtained frowm both relationships for peak
values (Table 12). Jaeger (1971) noted that the power law
tends to better fit the data that turns down at the lower
normal stresses. Besides, Skempton (1985) and some other
investigators (Bishop, Kenny, Hutchinson, Garga, Chandler,
Privett, Hawkins and Privett; all in Hawkins and Privett,
1985) state that for most clays, relation between residual
strength and effective normal stress is non-linear. On the
contrary, Towsend and Gilbert (1973), Bromhead and Curtis
(in Hawkins 'and Privett, 1985) had straigth failure
envelopes for clays they tested. Lupini et al. (1981) have
also chosen to express residual strength parameters as
linear to a good approximation. As it can be seen in Figure
33b for the residual strength the power low represents the
test data slightly better than a linear equation. But, £or
the normal stress level above approximately 70 kPa there is
no significant difference between the envelopes and
equations. Since the normal stresses on the faults are
excepted to be above 70 kPa, the siwmpler Coulomb egquation
(linear f£fit) way confidently be used in the stability

analyses.
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6.95. Shear Strength Characteristics of Soil Materials

Shear gstrength parameters of soil samples collected
from the open pit are determined and discussed in the

folloving sections.
. 6.5.1. Shear Strength of Claystone in Sekkdy Formation

The claystone in the wupper zone of main Sekkbdy
formation, which exhibits clay behaviour, could not be
undisturbedly sampled in block shape from the pitwalls. For
this reason its shear strength parameters were determined on
nmoderately disturbed specimens prepared from N@ size core

samples.

The tests were carried out on 8 specimens under drained
conditions, according to the method suggested by ASTM (1985;
ASTM B3080-72) as mentioned in the previous section.

The linear and power laws were fitted to the test
results (Table B.10a) and the failure envelopes vere
constructed (Figure 54a). The statistical analyses indicate
that linear failure envelopes for both peak and residual

strengths are fitted to data better than the power curve.

Disturbance of +the specimens +tested i1s inevitable
during the drilling and the preparation of 6x6x2 cm
specimens from NQ size cores. Therefore, it 4is concluded
that the shear strength parameters obtained from laboratory
tests (see Table 12) are probably lower than vwould be
expected for this material. A very close agreement between
the peak strength of the clay and residual strength of the
undisturbed bedding planes in the same formation vas
obtained. If +this agreement and the effects of soil
disturbance are taken into consideration, for stability
assessments it would be assumed that the shear strength of

this so0il and the bedding surfaces migth be very similar.
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6.5.2. Shear Strength of Transition Zone

The transition zone, ekhibiting purely soil
characteristics, is consisted mainly of finest material. The
sandy portion included in this zone has a very smwmall extend
in the form of small lenses or pockets. According to the
site observations on an instability the behaviocur of this
zone is mainly governed by the finest portion. Thus, shear
strength determinations were carried ocut on clay and clayey

silt samples.

On the basis of so0il classification test results three
undisturbed blocks of finest material were chosen and then
totally 11 test specimens wvere prepared. Taking into
consideration the long-term stability condition,
consolidated~drained shear tests (ASTM, 1985; ASTM D3080-72)

vere conducted.

The test results were first fitted to linear
relationship (Table B.10.b). A close agreement between the
strength parameters of each test set was found. Thus, the
linear and power lawvs vere fitted to all data +to obtain
general strength envelopes characterizing this zone (Figure
54b). In both cases, very high coefficients of correlation
were obtained (Table 12). However, coefficients obtained
from the linear fit are higher than those of power law. Thus
the assumption that the shear strength parameters of this
zone are constant and not sensitive to applied normal load
may be used confidently for the assessment of stability. On
the other hand, in the majority of +the samples residual
values were achieved at the end of the first run of +the
shear box. Besides, the difference between the calculated
peak and residual cchesive intercepts is high. This probably
indicates that the residual cohesive strength of the soil is

mobilized after small displacements.
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6.5.3. Shear Strength of the Soils of Turgut Forwation

After the removal of the coal seam only the upper
levels of Turgut formation expose. These levels are
consisted of dark coloured, highly plastic clays and clayey
silt alternations. Therefore, it was concluded that
behaviour of these finest wmaterials plays an important role
on the stability rather than the <coarse grained portion
lying deeper. Failures experienced in Ertrans section (Plate
1) also confirm this conclusion. Thus, shear strength
determinations wvwere conducted on clay and clayey silt

samples.

The test samples were categorized in two groups. The
first group involves clay and clayey silt samples
representing the alternations in the upper zone vwhere the
coal seam is thicker. While the second group involves highly
plastic, homogeneous black clay appearing along basin
margins, where the coal seam becomes thinner and/or does not
appear. The test procedure applied on other soils vwere also

adopted for these materials.

The tests on the black clay from a sliding surface (see
Figure 9) was carried out with care being taken to locate
the slip surface as exactly as possible in the plane of the
box and to arrange the sample so that shearing follows the

natural direction of movement.

In the statistical analysis both linear and power curve
relationships were fitted to the experimental data (Table
B.10/c.1 and c.2). The linear relationship is better fitted
to the data for the first group (Figure 54.d and Table 12).
When the shear strength parameters are compared it can be
seen that there is a close agreement between the first group
in Turgut formation and soils in transition =zone. However,
soils from Turgut formation behave as a cohesionless soil

in residual condition.
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The black clay has a very low shear strength (Figure 54
c). Residual strength of this clay was reached after small
displacements and +the material behaves cohesionless. The
coefficients of correlation for both models are equal. This
indicates that no considerable difference exists between the
strength parameters obtained from these relationships. Thus,
it is concluded that the shear strength parameters derived
from the linear fit may be used confidently in further

analyses for the sake of simplicity.
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CHAPTER 7

EVALUATION OF ROCK MASS STRENGTH

7.1. Rock Mass Strength and Classification

Large walking dragline, employed for the removal of
overburden at Eskihisar open pit, necessitated the

investigation of the stability of different highwall slopes

associated with dragline operation. With the exception of
locations close to the basin margins, the dragline operates

on very gently dipping strata. Therefore, structurally
controlled failures are not generally expected along the

highwalls constructed in N-S direction. However, in order to

ease the diggability the overburden is blasted. On the basis
of observations made on the walls this operation produces

artificial haircracks in the rock mass giving rise to an
overall strength reduction.

On +the other hand, in +the southwest, through +the
planned permanent slopes, bedding planes are nearly

horizontal and no fault or shear zones were recognized. This
means that +the probability of structurally controlled

failures is rather low. On the basis of this favorable

condition, working with steep final slopes may create
additional stresses in the rock mass in conjunction with the

heightening of +the slope. According to +the observations
conducted on borehole cores and pitwalls in the south,

thinly bedded, fractured marl, limestone and claystone

alternations, wvhich alsoc exhibit ravelling behaviour, become
the dominant type of rock mass, while the stronger compact

marls become thinner or absent. This situation may be
evaluated as a transition from intact rock +to heavily

jointed rock mass. Depending on the number, orientation and

the nature of discontinuities the intact rock pieces will
translate, rotate or crush in response to strezses imposed

on the rock mass (Hoek, 1983). Hoek (1971) alsoc suggests that
even for cases of horizontally bedded intact rock, failure

may occur along a circular surface.
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Because of the reasons mentioned above, the possibility
of +the mass failure which will tend to occur partly along
the discontinuities and partly through intact rock materials
following a curved failure surface (Figure 55) was decided
to be investigated. The strength of a jointed rock mass in
nature 1lies between the strength parameter of +the intact
rock and the strength of discontinuities. The former value
is too conservative for use in designing rock structures and
the latter one is far too optimistic to be of practical
application. The mechanical behaviour of such a rock mass is
poorly understood. This being in part, due to the
difficulties in applying conventional testing program to
rock mass. That is why only a fewv attempts have been made to
determine the strength of rock mass experimentally. Triaxial
tests in very large cells carried out by Jaeger (1970) is an
example +to these attempts. An alternative to the difficult
and expensive laboratory or in-situ testing of the rock mass
to determine its shear strength is to consider the emwmpirical
relationships. The author believes that the Hoek and Brown
(1980a,b) non-linear failure criterion, wvwhich gains an
increasing popularity in stability of slopes (Hoek, 1982 and
1983; Priest and Brown, 1983; Rosenbaum and Jarvis, 1885;
Singh and Gahrooee, 1989; Abdallah and Helal, 1990), in
conjunction with +the rock mass classification systewms,
provides a meaningful estimate of rock mass behaviour. In-
situ shear box test data from the blasted marl in Seyitdmer
coal mine indicated that Hoek-Brown criterion slightly
underestimated +the shear strength of the same wmaterial,
exhibiting a better £fit to test data obtained from +the
second sliding of the surface than other criteria
(ﬁzgenoglu, 1990). Thus, this failure criterion was used in
order to forecast the behaviour of the controlled blasted
overburden in highwalls and the weaker marginal zones of the

main Sekkdy formation.
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7.2. Application of Rock Mass Classification Systems

In order to provide a rational basis for estimating the
values of material constants for jointed rock masses, use is
made of the rock mass classifications proposed by Bieniawski
(1973) and Barton et al. (1974). In this study only the RMR

Ceomechanics Classification of Bieniawski was used.

The Rock Mass Rating (RMR) system was first proposed by
Bieniawski (1973) and has since been modified by the same
author (Bieniawski, 1984 and 1989). Table C.1l.A in Appendix
C shows that the following five parameters are included in
the RMR system.

(1) Uniaxial compressive strength of rock material.
(2) Rock quality designation. ‘

(3) Spacing of discontinuities.

(4) Condition of discontinuities.

(5) Broundwater conditions.

An additional adjustment for the orientation of the
major discontinuity system is made on the basis of the
information listed in Table C.1.B. Howvever, greatest
difficulty is experienced in determining the rating value
for discontinuity orientation in slopes which varies from O
to -60. Singh and Gahrooee (1989) proposed well described
rating adjustment for discontinuity orientation 4in slopes
using the Bieniawski’s ratings (Table C.1.E). Their approach
vas quantified on the basis of rating with regard to the
number of possible modes of failure. In this study, only one
possible mode of failure, the mass failure, was considered

and then (-5) was employed as an adjustment rating.
For better characterization of joint conditions, the
guidelines for coal bearing strata proposed by Bieniavwski

{1984) were preferred (Table C.1.F). On the other hand, in
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RMR system groundwater conditions are considered in five
categories. The first two categories include completely dry
and damp conditions. In the study area, discontinuity
surfaces were moist due to the filtering of <the surface
water through the continuous joints. Thus, water conditions
for the discontinuities above the general groundwater level
vere evaluated using a rating value ranging between those of

the first two categories.

Unal and Ozkan (1990) suggest that RMR and @ systems
cannot fully describe the specifications of the weak
stratified and clay bearing rocks. These kind of rock masses
generally include laminated or bedded marl and limestone
with continuous beds and bands of consclidated clay as in
‘the upper levels of the Sekkdy formation. In order to better
characterize this kind of rock mass, interval limits
considered in the RMR system were modified (Unal and 6zkan,
1990). In this modification, standard interval limits
suggested by ISRM (1981) are used. The effect of water on
clay-bearing rock is also expressed by the slake durability
index. A summary of this wmodified RMR system is introduced
in Table C.2. of Appendix C.

Considering the applicability of the above mentioned
modified RMR system to the clay bearing rocks of the study
area and in order to compare the results of the original and
modified RMR systems, these two systems were utilized for
classification purposes. The modified RMR wvalues vere
"determined by using a computer program called ROCK-MASS
developed by Unal and BOzkan {1990), after the arrangements
made for one possible mode of failure and for moist

discontinuities which were mentioned above.

The data required for rock mass rating determinations
vere obtained from the geotechnical logs and scanline

surveys. Values of RMR for the rock mass in the main Sekkdy
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formation were determined for 102 individual sections from
seven boreholes considering drill-run lengths ranging
between 1 0o 3 wm. In addition, a total of seven scanline

sections were also evaluated.

The RMR values obtained from both original and modified
systems are given in Figure 56 for comparison. Majority of
the ratings of both systems are very close to each other and
rock mass descriptions are not affected even after the
modification of RMR values. However, below the rating wvalue
of 40 modified values show a noticeable variation and a
wider band of RMR values as compared with the RMR values
obtained from RMR systewm suggested by Bieniawski (1989), but
characterizing the joint conditions given in Bieniawski
{1984; see Table C.1.F). It is also noted that in both cases
the rock mass under consideration generally falls into the

fair rock-mass class.

Histograms of the 109 values of RMR (Figure 57) drawn
by wusing the statistical package of GEO-EAS (Englund and
Sparks, 1988) has a bimodal form. It suggests that from a
geotechnical point of view the rock should be regarded as
comprising two rock mass types. Examination of borehole
cores and observations on pitwalls showed that the  lower
values of RMR tended to occur in the upper and marginal
zones of the formation affected by weathering and
alternating .character of the zone. However, occasionally
individual higher RMR values reaching up to 50 were also
encountered in this zone. In the lover levels, in compact
marls above the coal seam, higher RMR values ranging between
50 and 62 vere differentiated. Thus, the rock mass was
divided into "more fresh (compact marls)" and "weak =zone
(alternating =zone)"according to depth. It is clear <from
Figure 56 +that in boreholes JT2 and- JT3 and along the

scanlines the rock mass quality reaches its highest values.
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This is because, they were conducted in the centralpart of

the pit where the compact marls exist and become thicker.

To wmake RMR values independent of the fresh type the
highest 26 RMR values encountered just above the coal seam
vere separated. Histograms for weaker upper =zone (Figure
58.a,b) and compact wmarls (Figure 58.¢c¢, d) show that RMR
values are distributed in approximately normal forms. The
difference between the mean and median values of wmodified
RMR histograms (Figure 358.c, d) are greater than those of
the original RMR values. This is due to the scattering of
values lying arocund the boundary between the poor and fair
rock masses. According to the RMR values listed in Table 13
weak zone falls into the lower boundary of the fair rock,
while compact marls are closer to the upper boundary of the

same category.

Mining applications include dynamic processes such as
blasting and a blasting adjustment for RMR values is
recommended (Bieniawski, 1984 and 1989). In Eskihisar open
pit blasting is made in compact marls. It is a controlled
blasting with a slight damage to loosen the overburden in
highwall. For this condition blasting damage adjustment (Ap)
ranges between 0.94 to 0.97. Application of the lower
adjustment value (0.94) to the RMR values of compact marls
yields adjusted RMR values of 53 and 52 for original and
modified systems, respectively. The weak zone is generally
removed by excavators without blasting. Thus, no adjustment

for this rock mass was applied.
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Table 13 : Rock mass characteristics of main Sekkdy

formation

fiean

Rock Mass Rock Mass Rating {RMR) Haterial Constants

Bieniawski (1989) (nal & Ozkan (1930) Bieniawski (1969 Unal & Ozkan (1990

1 5 | 5
All samples froa overburden AN GG A
Compact marls# 53 5¢ 0, 344 0,0004  0.32 0, 00034
Weak zone §3 40 0.168 0.000075 0,135 0. 000045

8 = 9.87 {intact rock)
% Values of RMR adjusted for blasting.
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7.3. Estimating Rock Mass Shear Strength From RMR Values and

Emprical Failure Criterion

The brittle failure criterion for rock, described by
Hoek and Brown (1980 a, b) and Hoek (1983), is widely used
for estimating the strength of jointed rock masses. A
complete discussion on the derivation of the empirical
criterion exceeds the scope of these study. Briefly, the
criterion was developed by a trial and error process based
upon experience of both theoretical and experimental studies
of rock failure. The resulting failure criterion and related

equations are expressed in Figure 59.

When the material constants (m) and (s) described in
Figure 59 cannot be determined experimentally, it is
possible to derive the required constants as a function of
RMR rating. Hoek and Brown (1988) and Hoek (1990) suggested
a set of relations between the RMR from +the Bieniawski’'s
(1984) rock mass classification and the constants (m) and
{(s). Following Priest and Brown (1983), the relations for
disturbed rock mass, mainly occurring arcund the surface
mine slopes which have been loosened or damaged by blasting,

were presented in the form of following equations:

RMR - 100

g
it

m; exp ( ]

14

RMR - 100
exp [—vu— 1]

1]
"
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where mj is the value of m for the intact rock, determined
from the results of triaxial tests (Hoek, 1983). In addition
to compact marls which are blasted, the above equations were
also used for the weak rock mass. Because, it will also
loosen due to the stress relaxation as a result of slope

construction.

The value m; was calculated by 1linear regression
analysis on the measured triaxial data pairs <from dintact
marl core samples which are tabulated in Table B.4. For the
purpose, a computer program called HOBR (Appendix E.Z22),
developed by the author, was used. The shear strength for a
specified normal stress is found by solving the following

set of equations (Hoek and Brown, 1988):

T = (cot B ~ cos ©)

where

&
1

arctan

\/4hCosz@ - 1

1 1

[e2)
1]

— (90 + arctan —— o)

3 Vh3 -1

16 (mo + sag)

2
3m? o
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The corresponding instantaneous cohesion isz:

c = T ~ ¢ tan @

Using the program HOBR the material constants m and s
{(Table 133 and shear strengths, cohesion and internal
friction angles for normal stress levels ranging between O
and 1.5 MPa were calculated. The resulting curvilinear shear
strength envelopes and the wvariation in cohesion and
internal friction angle with normal stress for both types of
rock masses encountered in wmain Sekkdy formation are

illustrated in Figure &0.

One ¢f the wmain difference between the RMR values
obtained from Bieniawski (1984, 1989) and the modified RMR
values obtained from Unal and Ozkan <(1990) is in the
evaluation of joint conditions. In modified RMR system, when
intact core recovery (ICR) parameter is equal to zero,
whether infilling material exists or not, rating for infill
iz taken as zero. But infill, which represents a part of
joint condition, should not be ignored. It is zuggested that
to make 1infill rating independent of ICR wvalues will
probably vyield more reliable ratings for joint conditions.
On the other hand, especially where intact core recovery is
less than 23 % joint orientation index suggested by Unal and
Ozkan (1990) provides lower values as compared %o those

suggested by Singh and Gahroocee (1989) for slopes.

Variation in shear strength parameters ¢ and @ for
compact marls estimated from both cases (Figure 60 b.l) show
a negligible difference. On the other hand, in higher normal
stregs levels, values of ¢ and @ esstimated from PBieniawski
were slightly higher (max. 1 degree for @ and &€-14 kPa for
c) than the eztimates of Unal and Ozkan {(Figure 60 b.2) . It
ig <clear that both methods provided similar results due to

very similar mean RMR values which did not fall below the

[
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RMR wvalue of 40. Thus, in the light of discussion, it is
concluded that the shear strength parameters obtained from
Bieniawski may confidently be used without any significant

deviation for this case.
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CHAPTER 8

BACK ANALYSES AND ASSESSMENT OF MECHANISHM
OF SLOPE FAILURES

In the case of stability analysis for actually failed
slopes, shear strength of material obtained from laboratory
tests are not often effective to decide their critical
state. The most reliable way to obtain a statistical weighed
mean value of shear strength parameters in an extended slope
is back calculation. The back analysis of failures using
limit equilibrium techniques is fundamental to an improved
understanding of both the failure mechanisms and the

mobilized shear strength parameters.

Slope failures have occurred both in the hangingwall
and footwall materials of Eskihisar open pit. Back analyses
of some of these failures are included in this research for
the purposes mentioned above. Records have not been kept for
all the failures. Consequently back analyses are restricted
to five failures for which slope geometries and some
important site conditions before and during failure are

generally known.

The general approach employed in the analyses was

based on the following assumptions:

1. A condition of static equilibrium at the point of
failure (limit equilibrium) exists at time of
failure. That is, slope failure occurs when

the factor of safety is reduced to unity.

2. Since surface roughness and coating of discontinuity
surfaces are generally similar throughout the site,
there was no need for further simplifications in

terms of homogeneity and isotropism (Sancio, 1981),
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3. The shear strength obtained from the analyses is
the weighed average shear strength of the sliding

or slip surface.

8.1. History of Slope Failures at Eskihisar Open Pit

Some multibench and single bench failures have occurred
in Eskihisar open pit. With the exception of a large one,
they have been limited to small, manageable failures. During
the initial operation of the pit, in the north margin of
Ertrans section problems were encountered with the stability
of permanent slopes (Plate 3 - failure 1a, 1b). The material
from multibench failure covered the western part of this
section (Figure 61). It was mined by a private sector and
thus no valuable information and documentation related to

the history of the failure was available.

In 1987 failures occurred progressively with the
development of the pit in the Ozdemirler section (Plate 3 -
slides 2, 3, 4). The slides 3 and 4 could not be adequately
observed due to their disturbed nature. But the slide 2, in
the hangingwall rock material, apparently involved
structurally controlled movement. A shallow seated failure
bounded by the fault A (Plate 3 -~ slide 7) occurred
involving a circular movement of a body of essentially
clayey material within the transition zone. The second mass
failure developed in highly decomposed sandstone. This unit
is a very small and relict portion of the Yatafan formation
preserved in NE. The failure was shallow seated and covered

highly steep slope involving two benches (Plate 3-slide 5).

In 1988, tension cracks were recognized by TKI staff
between the southern edge of the eighth slice and the
highway. The displacements were immediately deflected by

filling the excavated material into the void to make a toe
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buttressing effect. Unfortunately, no suitable recorded data

was available for this movement.

The best observed instabilities occurred during the
research period 1989 and 1990. The first one occurred in
September 1989 at the southern part of the ninth slice
(Figure 39). This instability developed in the hangingwall

material.

Other failure (Figure 9 ; Plate 3 - slide 8) developed
progressively as the bench excavation continued in June
1990. It was apparent that the instability developed in the
mode of plane failure along the black clay including a

single bench.

B3.2. Back Analysis of Plane Failure In Footwall

The slide 8, shown on Plate 3, occurred during removal
of overburden in the eastern edge of Ertrans section
throughout a single bench of approximately 7 m high. The
instabilit; initiated in the east and progressed towards
wvest as the bench construction was continued, The
displacement of the sliding mass was considerably fast,

occasionally reaching to 1m per day.

The mode of plane failure, which occurred along the
black clay representing upper levels of footwall, is
apparent for this slide (Figure 9). Bedding strikes measured
on different parts of the sliding surface are almost
parallel to those of wall face (Figure 62a). On +the other
hand linear traces produced on the sliding surface by the
weight of sliding mass and parallel to the direction of
movement were recognized (Figure 62b). The directions of
these traces were also in a good agreement with the dip

direction of sliding surface (Figure 62a). Besides, sliding
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surface daylights on the 70° bench face. It is also noted
that the laboratory derived residual internal friction angle
of black clay is equal to or from place to place smaller
than the inclination of sliding surface. These conditions,
illustrated on a stereographic projection in Figure 62c,
kinematically satisfy plane failure conditions (Markland,
in Bell, 1981 ; Hoek and Bray, 1977; Herget, 1981).

Six bench profiles (Figure 63a) parallel to movement
direction were prepared from the instability plan for back
calculation of the shear strength parameters of the sliding
surface. Observations revealed that in the vicinity of
unstable area the slope and very shallow tension crack were
dry. However, a few moist zones were recognized on the black
clay surface due to the seeping surface water. Thus, no

groundwater condition was included in the analyses.

The profiles were back-analysed using two dimensional
planar failure analysis method based on Hoek and Bray (1977;
Appendix D.1). Calculations were performed with +the MBPF
(Multi Bench Plane Failure) computer program (Appendix E.3)
developed by the author. The method was modified for the
computer applications to incorporate slice definition, multi
benches, non-linear water table conditions and the effects
of static external loads imposed by heavy mining machines

such as dragline.

Considering that all parameters to be accurately known,
the cohesion was back calculated from the slide only as a
function of the predetermined internal friction angle by
many iterations of the equation 2 given in Appendix D.1l. The
diagram given in Figure 63b shows back analysis of plane
failure using Mohr-Coulomb linear failure criterion
discussed in Chapter 6. Because of the variations in the
mechanical properties of the same material in different
places, the back calculation of @ and ¢ from more than two

slopes give as many as n(n-1)/2 points of intersections for
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1 curves (@, c) (Sancio, 1981). Accepting this idea of
iaving all the variables affecting the stability, Figure 63b
jives bounds for the pair (4, c). In this case, (86, c©)
varies between (14, 2) and (17, 0). The (8, c) envelopes of
profiles DD’, EE’ and FF’ intersect each others at ©=17° and
c=0. While, other profiles yielded a factor of safety of
about 0.9 for +the same strength values. In the former
profiles the inclination of sliding surface is 17°%which is
equal to the laboratory derived residual friction angle of
the sliding surface. On the other hand, in other profiles

sliding surface inclination ranges between 18°% and 19°.

The data derived from the back analyses using planar
technique is in very good agreement with laboratory derived
residual shear strength data for black clay on the basis of
linear relationship (Table 12). The results also indicate
that movement on the black clay surface initiates when its
inclination reaches to 17° or more with a significant
reduction in its shear strength, mobilizing the residual
values. Hutchinson et al (1973) and Chandler (in Chandler,
1977) showed that laboratory test methods seem to vyield
regidual strength parameters that are up to 10% or so lower
than those derived from back analyses. Thus, it wvas
concluded that residual shear strength parameters of the
black clay may confidently be used for stability assessments
of permanent slopes which will be constructed along basin

margins.

8.3. Back Analysis of Multiplanar Failure

The slide 2 in Ozdemirler Section (Plate 3) had
occurred in thinly bedded and alternated upper sequence of
main Sekkdy formation through two benches. The sliding mass
is bounded from the west by a normal fault dipping SE with
an 1inclination of 350° to 60° (Figure 64b). With the
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exception of strata steepening adjacent to the fault, the
inclination of bedding is mostly 10° towards SW. On the
other hand, the difference between the strikes of structural
features and the slope face is greater than 40°, These
directional relationships and the laboratory derived
residual friction angles are illustrated on a stereographic
projection for kinewmatical check (Figure 6&4a). It «can be
seen that neither fault nor bedding plane alone may
kinematically satisfy the plane failure conditions. Besides,
the failed =zone takes place above the groundwater table
(Plate 3) and no identifiable tension crack, which may be
filled with water, is observed. These considerations placed
focus on the question "how does this slope with such a

relatively low bedding inclination fail?"

For this case, it is concluded that the fault may act
as a rear release surface and the association of faulting
with localized steepening of bedding (25°) may also be a
critical factor in the stability (Figure 65c). These kinds
of structurally combined failures were reported by Cobb et
al. (in Stead, 1990) and Hawley et al. (1986). Similar
instabilities with multiplanar failure surfaces have also
been experienced in Canadian mines (Munn, 1985; Khan and
Nikols, 1989). Stead (1990} suggested an additional possible
mechanism in U, K. surface coal wines which may involve the
generation of a secondary shear surface between the upper
and the lower failure surfaces. This shear surface is
determined by a combination of localized strata steepening
adjacent to the fault, jointing and intact rock shear
through highly disturbed (due to faulting) coal measures
rocks of low rock mass quality. The measured inclinations of
localized bedding reaching to 23° adjacent to the fault in
this vicinity also confirms a high possibility of a
multiplanar structurally controlled mode of failure. Thus,

back analyzing of the slide was based on this mode.
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Coulthard (in Stead, 1990), who faced with similar
problems in Australian surface coal mines, reported that the
Janbu method was not kinematically feasible for the analysis
of such failure mode and that an active-passive block method
enabled a more realistic modelling of the slope failure
mechanism. The approach was also supported by the bi-planar
and tri-planar sliding surface methods of analysis
(Chowdhury, 1978; Huang, 1983}, In these models, as being in
this case, the failure surface consists of three
discontinuities such as, upper or active wedge, a central or

neutral wedge and a lower or passive wedge (Figure 64c).

In this study, the analytical method proposed by Huang
(1983) was used (Appendix D.2). The analyses were carried
out using the program SWASE developed by the same author.
Three typical profiles (Figure 65) involving the pre-failure
and post-failure geowmetries were prepared from the failure
plan (Figure 64b) for back analyzing. In the three profiles

analyzed the upper failure surface was a fault,

Bazed on the groundwater conditions, it was  concluded
that hydrostatic forces did not contribute to the failure
and slope was dry. However, the argument that precipitation
might have caused reduction in the discontinuity shear
strength properties was taken into consideration, as applied

in the laboratcory tests.

Due to the reasons discussed for bedding surfaces in
Chapter 6, linear failure shear strength criterion was used
for back analyses. However, povwer curve criterion was also
adopted only for the profile CC’ for comparison purposzes. In
calculated for both fault gouge and bedding =surface. The
fault zone was created by shearing which produced flaky clay
particles oriented in the direction of shearing. This
orientation is believed to produce the major difference
between the peak and residual strength of clays (Skempton,
1964).
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Skempton (1964) offers another possible explanation by
considering that along the oriented domains +the shear
strength is at its residual value which then transfers
additional stress within the material to some other poiﬁts
causing it become oriented. Miller (1982) also showed that
laboratory derived residual shear strength was found to be
very close to the fault zone strength predicted from a back

calculation.

On the other hand, it was shown by Stead (1990) that if
negligible effective cohesion and effective friction angle
ranging between 153° and 25° were assumed for the fault plane
the derived lower wedge failure surface shear strength
parameters were in close agreement with residual laboratory
shear strength data when slopes without water table and
pressurized water were considered. Thus, assuming that the
shear strength of the fault gouge was equal to laboratory
derived residual values (cr=9.7 kPa ; ©0,=17.6°), the number
of wunknovwns was reduced to two parameters. These pairs of
parameters were assumed to be equal for both lower ahd
central bedding surfaces due to their identical surficial

properties.

Considering all conditions to be accurately known and
that the lower surface runs through toe of the slope, three
sections were back-analysed for the combinations of c and O
values of bedding. The resultis are presented in the form of
(@,c) functions (Figure 653b). In addition to back-calculated
strength, Figure 63b shows the residual and peak shear
strength in the range of one standard deviation calculated
from the values listed in Table B.&6. As can be seen, the
back-calculated strength falls within the range of
laboratory derived residual shear strength, indicating that

the peak strength is not critical. It was noted, however
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that the back analysis for profile CC’ using power curve
criterion produced an equal A and B index values (7t=A o®) to
those obtained from laboratory residual shear tests. This
point{ represented by a solid circle in Figure 65b, is in a
very close agreement with the c¢-@ 1line of linear

relationship.

Based on the back analyses the following conclusions

may be derived:

a) The strength of smooth-planar bedding surfaces in
main Sekkdy formation reduces to residual values at
the point of failure. As pointed out by Richards et
al. (1981), the stress relief due to excavation may
result in the separation of bedding planes which
dip adversely into the pit and hence would assist

in reducing the shear strength.

b) Water percolating through discontinuities helps to

reduce shear strength of the bedding surface.

c) Based on the very close agreement between the
laboratory derived residual shear strength and back
analysis results, values of c,=12.5 kPa and 8,.=26.5°
for bedding planes wmay be used in stability

analyses.
d) The results support the argument that the residual

shear strength should be used when large finer

material is involved in a fault gauge.
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8.4. Back Analysis of Wedge Failure and Monitoring Data

The two monitored wedge failures are back analysed and

the results are discussed in the following sections.

8.4.1. Back Analysis of Slide 6

The slide 6 (see Figures 35, 36), as discussed in
Chapter S, seewms to have been developed with the combination
0of discontinuities. The existence of a fault running through
the benches and sets of joint oblique to the fault
strengthen +this approach. In order to investigate the

failure mode of this slide kinematic analysis is required.

The orientations of discontinuity sets determined along
E-W direction (see Figure 24a) were analyzed to assess
kinematically possible failure modes. A lower hemisphere
equal area projection of discontinuities with the addition
of a local joint set (j4) and the bench face orientation is
shown in Figure 66. The residual friction angles from linear
fit for the fault and joints were included in the analysis.
The bedding planes were not taken into consideration due to

their nearly horizontal position.

As it can be seen in Figure 66, neither fault nor each
joint set can s=satisfy the kinematic requirements for plane
sliding. Besides, all the lines of intersection of joint
sets are steeper than the bench face inclination without any
daylighting. Therefore, the only possible mode of failure
may be resulted in the combination of the fault and joints.
For this purpose, kinematic checks wvere performed for four

intersections, If,jl' If'jg, If’jg and If'jQ (Figure 66).
The lines of intersections If,j2 and If;jg are not

daylighted by the bench face and they plunge in the opposite

direction of the cut face. This =zituation indicates that
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these intersections are not kinematically possible to cause
a wedge failure with respect to the face orientation and
thus they were eliminated from further considerations. The
only two intersection points falling into most critical
wedge area (Herget, 1981) were considered (Figure 66). An
initial rapid evaluation of likely failure mechanism was
made wusing the stability charts for friction only case
presented by Hoek and Bray (1977). The analyses yielded
factors of safety smaller than 1 and 2.32 for If j4 and
If,j1, respectively. Hoek and Bray (1977) suggest that a
wedge having a factor of safety in excess of 2 is unlikely
to fail under the most severe conditions. Besides, the
plunge of If,jl is very flat and ranges between the internal
friction circles of two discontinuities. On the other hand,
the line of intersection of either plane, fault and jJoint
set 4, lies between the dip direction of the planes (Figure
66). According to Hocking’s rule (Hocking, 1976) this
geometric relation will satisfy the condition that the wedge
will slide down the line of intersection of both planes.
Thus, it was concluded that the mode of failure of this
instability was wedge type involving the fault and joint set
4.

A more sophisticated analysis was thanA made of +the
unstable configuration for back analyzing. The back analysis
method for the wedge (If'j4) was based on the analytical
solution given by Hoek and Bray (1977 ; Appendix D.3). A
computer model named WEDFA (WEDge FAilure), including the
conditions of water pressure, tension crack position and
external loads were developed by the author (Appendix E. 4).
A simplified diagram illustrating the forces acting on the

wedge is illustrated in Figure &7a.

The sensitivity approach included 4in the analyses
involve:

a) Dry slope with no tension crack

b) Dry slope with tension crack

c) Slope with tension crack and water pressure
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The tension crack labeled by T was measured approximately
7 mw away from the original crest of the bench (Figure 36).
This point also coincides with the intersection point of
both discontinuites. The residual shear strength parameters
of fault gouge were used as input data to estimate the pairs

of ¢ and @ for the joint surface.

The results of back analyses combined with sensitivity
analyses are given in Figure 67b. As can be seen, there is
no significant difference between the dry slope with no
tension crack and with tension crack cases. The (3, c)
function forms of these cases are in a close agreement with
the laboratory derived residual shear strength parameters of
joint surfaces. While the third case, including also water
pressure, requires a shear strength higher than those of
laboratory derived to satisfy a factor of safety of 1.0 at
the time of failure. On the other hand, no rain was recorded
before failure and the failed mass is located above the
groundwater table (Plate 3). However, discontinuity surfaces
may contain slight moisture due to percolation of surface
water through Jjoints during winter, before failure was
initiated. This condition was also simulated 1in the

laboratory test environment.

As a conclusion, it is assumed that failure 6 is
developed with the combination of fault and joint forming a
wedge and that residual shear strength is mobilized along
the joint surfaces during failure. However, it dis also
possible that other joints, which did not directly
contribute +to the failure, probably helped to develop the

failure as release surfaces (Figure 35b).

Monitoring station movements (plunges and trends) are
also plotted on the equal area projection (Figure 66) for
comparison with the kinematic analyses. Thegse directions,
having an average difference of about 30°, genérally

correspond to the dip direction of the line of intersection
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If,jl' Besides, wmovement vectors are in close agreement with
the plunge of If'jl. This situation strengthened +the idea
that the line of intersection Igf, 43, which was stable before
the slide 6, might be activated towards the void created by

the previous failure.

On the other hand, pole of the joint set 3 (ng3), the
dominant joint set in the pit (Figure 24a, c), falls very
close to monitoring plots (Figure 66). The position of this
joint set may kinematically cause initiation of a +toppling
failure. After the first failure the direction of the bench
crest changed to NW-SE. This direction also created a new
unsupported face for wovement. Thus, it may be concluded
that the most probable cause of the wmovements following
slide 6 is attributed to the combined effects of wedge and
probably toppling modes of instabilities. Unfortunately, due
to the lack of quantitative long term monitoring data after
September 1989 and fast operation in the pit restricted the
observations on old instabilities. Thus, detailed analytical
analysis could not be performed for this secondary

instability.

8.4.2. Evaluation of Monitoring Data From the Highwall
of Ninth Slice

The movement vector analysis carried out for the
failure monitored on highwall of ninth slice has indicated
that the failure was more likely to occur along a shallow
seated surface rather than fully structurally controlled
mode of failure. In order to determine the mechanism of this
failure and to compare the monitoring data with those of
kinematic analysis, the data obtained from +the site was

plotted on the equal area projection (Figure 68).
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Examination of Figure 68 indicates that wmovement
directions of the monitoring stations generally
corresponding to the dip direction of +the lines of
intersection of wedges involving faults and steeply dipping
joint sets. However, monitoring station movement vectors are
generally 25° to 35° shallower than the plunges of lines of
intersection. On the other hand, analysis using stability
charts (Hoek and Bray, 1977) yielded factors of safety of
0.82 for Igfy, 41 and 2.85 for Ifp j2. The wedge involving
fault 2 and joint set 2 has swall dihedral angle and may

cause forming of a small wedge.

Based on the above discussions it is concluded that the
geological structure has had a significant influence on the
failure wmechanism, although geoclogical structures do not
appear to control the entire failure. This introduces a
distinct three dimensional nature of the higwall failure
and, hence, potential failure surface involves a complex
surface formed in part along structural discontinuities and

in part through intact rock.

Piteau and Martin (1982) as well as Newcomen and Martin
(1988) documented numerous failures which involve more than
two planes. The failure by rotational sliding may occur on a
plane and separation across the other plane. They suggest
that occurrence of a subvertical joint may dinitiate a
tension crack, as being in this case, or backscarping of a
wvedge. These features would reduce the size of the failure
discontinuity planes with different orientation could lead

to an ever more complex failure geometry.

The mechanism mentioned above introduced similarities
to that of +the author’s approach. Besides, progressive
increase in the amount of movement along tension cracks from
right to left, shown in Figure 38, also resembles rotational

mechanism for this failure.
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However, the temporary spoil material dumped behind the
crest of highwall was not included in the failed mass. It
should also be noted that the forces imposed by the spoil
pile probably contributed to the forces tending to induce
sliding. This surcharge effect makes the mechanism to be
more complex. Thus, results of the refined analyses and
assessment of monitoring data suggest +that failure has
developed by a combination of sliding along steeper
discontinuities in the marl and failure through the rock

mass in the lower portion of the slope.

8.5. Back Analysis of Mass Failure in the Transition Zone

Soils

The slide 7, shown in Plate 3, occurred throughout the
transition =zone soils and was bounded from NW by fault- A.
The failed slope involving two benches was not steep. The
failed mass was in the form of separated successive blocks
{(Figure 68a). The mode of failure has been categorized as a
rotational slide because of the curved shape of the observed
part of the failure surface, tilted position of the failed
mass, and the heave at the toe area. In order to understand
the failure mechanism and to confirm the wmobilized shear
strength of the material, systematic back analyses of the
slide =zone were undertaken along a section (Figure 69b)

prepared from the instability plan.

The Bishop simplified method of slope stability
analysis (Bishop, 1955) for circular slip surfaces (Appendix
D.4) was employed. Calculations were performed with the
MTASLP computer program developed at MTA Rock and Soil
Mechanics Division. MTASLP is a program that can handle
slope stability analysis of slip surfaces for slopes
involving many benche§, various =soil materials and different

groundwater conditions. The program has routines that search
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for more critical failure surfaces in a grid system or
automatically. Circular rotation was analyzed using
effective stress, since the study is concerned with the

long-term stability of slope.

Some factors such as local strength variations,
climatic influence, etc., cannot be realistically included
in the analysis. Hovever, during site investigations no
indication of groundwater was observed and the failed
material is consisted of considerably homogeneous finest
material involving lenses of coarser material in the upper
levels. However, in a silty sand of 1 m thick located at the

E of the slide a seepage point was noted.

As a first step, the possibility of a circular slip
surface running from the toe to fault A is analyzed. The
slope was assumed dry and the mean unit weight (Table 6) was
used. Besides, as an initial approximation, the laboratory
derived residual shear strength parameters, both for finest
material in the failed zone (cp=5 kPa; @p= 22.5°) and the
uppermost portion of the fault (cp.= 9.7 kPa; 0=17.5°), vere
employed. The analysis yielded a factor of safety of 2.01.
This indicated that the failure could not develop throughout
the entire slope involving two benches even if the residual
shear strength parameters were mobilized along the =lip

surface.

Using the same approach the analysis was continued by
including a groundwater table of € to 7 wm high to
investigate the saturation effect on the stability of slope.
The results yielded a minimum factor of safety of 1.77,
suggesting that the slope with a considerable high
groundwater table was reasonable stable and failure probably
developed by successive slips. Therefore, a different
sliding wechanism was adopted. This approach involved a
failure in the lower bench along a critical circle that

vould alter the geometry and conseguently the stability of
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bench resulting in a succession of rotational slides which
tend to retrograde from the toe to the top of slope. The
successive position of failed blocks (Figure 69a) and the
observed tension cracks represent the boundaries of

retrogressive failure slices.

An analytical study of this retrogression was performed
on the profile given in Figure 69b. Each time a critical
circle with a factor of safety equal to unity was computed
for different combinations of (8, c¢) pairs. The material
slumped was assumed not to be removed. The resulting profile
with a new steepened face was re-analyzed and each

congecutive failure was assumed to occur.

On the basis of the block configuration and
observations performed in the slide area, the slip surface
indicated as 1 for the initial slide was assumed to be the
most predictable slip surface (Figure 69b). Considering the
seepage point mentioned above, analyses were carried out to
obtain (@, ¢) function forms for equilibrium conditions
(F=1). Turning back to Figures 69b and c, analyses showved
that there are certain combinations of parameters for which
the most critical slip surfaces determined are very close to

the predictable surface labeled as number 1.

Additional back analyses were performed for the second
and third successive sliding blocks with the assumption that
most predictable actual slip surfaces might be the surfaces
2 and 3, as shown in Figure 69b. In the analyses, steepening
of the slope due to the void created by the previous failure
was taken into consideration. Analyses for (d¢,c) pairs
indicated that there was also a close agreement between the
most predictable surfaces and determined slip surfaces at
limiting equilibrium condition. Thus, back analyzing of
three successive slip surfaces was assumed sufficient for

evaluation of shear strength parameters.
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Lines showing combined values of ¢ and ©@ producing
limiting equilibrium for successive failure conditions are
illustrated in Figure 69c. In addition, laboratory derived
peak and residual shear strengths of this soil material, in
the range of one standard deviation, was also shown as ruled
areas in Figure 69c. As can be seen in Figure 69c, the peak
laboratory derived strength is considerably higher than the
actual state under investigation, while the intersection of
two {(@,c) function forms plot in ruled area II, which
represents residual strength. These intersections wmay be
considered as the right combination of < and 9 values
(Sancio, 1981). On the basis of these back calculated values
are concentrated between 5 to 10 kPa and 20° to 22° for ¢

and ¥, respectively.

It is noted that there is a good agreement between the
laboratory derived shear strength parameters and back
analysis results. Thus, residual values may be employed in
further stability assessments for the slopes in transition
zone. The instability has continued in +the form of
successgive slides until a safety factor greater than unity
was reached. The stable slope was obtained for the profile
given in Figure 69b when the cycles reached to the fault

surface behind which a competent marl lies.

The back analyses also indicates that construction of =
bench of 10 +to 12 m high would not be adequate for
trangition =zone. Thisg situation was taken into account for
the stability of slopes as planned in the same material at

SW part of the open pit.

8.6. General Evaluation of Other Slides

The probable modes of failure of the slides encountered

elsewhere in the pit are evaluated on the basis of
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observations and their similarities with those analysed

because

of the lack of suitable information for back

analysing.

b)

c)

a) Slide 1: Dips of bedding planes encountered along
the basin wmwargin in Ertrans section (reaching
up to 30°—35°) are greater than the residual
friction angles of planes both in hangingwall and
footwall, Besides, there 1is a close agreement
between the strikes of bedding planes and
bench faces. In spite of the lack of information
for slide 1 (Figure 61) and severe disturbance
in the rock mass after failure, it was’ however,
distinguishable that the slope was designed with
a highly steep overall slope angle and narrow
bench width. These conditions indicated that the
plane shear failure would be satisfied. This
conclusion is also confirmed by the position of
the failed blocks. On the other hand, a
portion of sliding surface developed on the
footwall clay dipping 33° south, which
appeared after removal of sliding material by TKI
in June 1991 in the slide area 1b suggests

the mode of plane failure (Figure 70).

Slidesg 3 and 4: In the sglide areas 3 and 4 severe
disturbance prevented detailed observation in the
failed mass. However, orientations of the faults

and bedding planes show similarities with those
of slide 2 (see Figure 64) which occurred at the
eastern edge of the same bench. Thus, it is
concluded that these two failures probably resemble
a multiplanar failure inveolving faults and bedding
planes.

Slide 5: It is a local instability developed through
highly decomposed sandstone which represents a
relict portion of YataZan Formation in the north.

It is obvious from its spoon shaped form (Figure

195



View from plane sliding surface developed
along a clay bed in footwall at Ertrans
gection-slide 1b (Plate 3-Photo. No.25).

Figure 70:

General wiev of slide 5, developed along
a circular slip surface within a highly
decomposed sandstone (SSt) (Tms : Sekkdy
formation ; Plate 3-Photo. No. 26).

Figure 71:
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71) that the failure developed along a shallow
circular slip surface. It may also be concluded
that the material showing a soil-like behavior
has lost its strength due to steepening of
the slope and probable softening after rainfall

and then failed through the weaker link in the mass.

8.7. Failure Modes of Slides of the Eskihisar Open Pit

Detailed back analysis of five instabilities and
general assessment of other slides located in the pit showed
that the most common failure modes are planar and
multiplanar slide mechanisms both in the hangingwall and in
the upper levels of footwall, subsidiary wedge failure in
Sekkdy formation and circular failure in transition =zone
soils. In addition to these, in blasted highwalls with
excess external loading, such as those imposed by temporary
spoil piles, a complex failure involving discontinuities and

the failure through intact rock was also possible.

The main modes of failure experienced at the Eskihisar

open pit are illustrated in Figure 72.
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Multiplanar F, Plane F,

Circular F. Wedge F.

Figure 72: Typical modes of failure experienced at the
Eskihisar open pit.
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CHAPTER 9

DESIGN SECTORS AND KINEMATIC ANALYSES OF PIT SLOPES

The results of back analyses of slides encountered at
Eskihisar open pit showed that the instabilities are wmainly
structurally controlled failures . As faced in this case, in
regularly bedded rocks , cut by faults and joints, there are
many possibilities for block movement along weakness planes
and a large variety of behavioral modes are exhibited . With
an appreciation of the mode of failure , it is possible to
evaluate a factor of safety and +to investigate remedial
measures . Thus , considering that the kinematic model
studies help to anticipate the most likely pattern of slope
failure in the rock masses , analyses were carried out to
asgess the kinematically possible failure modes ‘using the
results of geological structural analysis. Detailed 1limit
egquilibrium (deterministic) stability analyses, were then

based on the results of kinematic checks.

9.1. Design Sectors

Structural dowains of Eskihisar open pit were divided
into nine <sectors, where the final slope orientation and
operational wuse are relatively constant, and the types of
discontinuities with respect to the pitwalls are similar
(Figure 73). In addition to these direction of advance,
orientation of highwalls and position of the highway were
also considered. The sector boundaries (Figure 73) were kept
constant throughout the life of long-term design. Although
constant sector boundaries are not required in the analyses,

they ease data gathering an interpretation.
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In +the southeast of the pit where bedding planes dip
into the excavation planned permanent slopes (sidewalls) are
adjacent to
to faulted blocks.

be

this location is also

its SW

highway. Besides, very

close extension

will

On the contrary,

constructed through a rock mass involving nearly

structural features and
Thus,

IID).

horizontal introducing different

slope behaviours. the scouth face was divided intoc two
(I

Iv

sectors and The basin margins were in

divided

placed

sectors and V. The current pit area was into

three sectors, because of variable orientations of pitwalls

and fault systems with different orientations causing dif-

ferent modes of instability. Within each design sector, the

main kinematically possible modes of failure vere deter-

mined.

9.2. Kinematic Analysis of Slopes

The existing and planned slopes in Eskihisar open pit
were kinematically analysed using stereographical projection
literatures

1980 ; Bell,

most referenced
Hoek and Bray, 1977 ;
1881). The details of

included this

described in

1976 ;

technigues
(Hocking,
1981

Goodman,

Herget, the techniques used

However,

of

herein wvere not in chapter.

kinematical conditions satisfying the

of

most common types
instabilities

the

structurally contrblled modes are

in for basic line

of

summarized Figure 74. The symbols

elements rock mass used in the analyses are also

introduced in Figure 74a.

Face angles and sgtrikes of permanent slopes both of

used

the

working benches and slopes of highwall (Figure 73) are

as input parameters in kinematic check and are based on
in

values given in TKI project and the current applications

the pit. Friction circle of
nets using their laboratory

(Table 12), which were also

'y

T

each discontinuity was drawn on
derived residual friction angles

confirmed by the back analyses.
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The stability conditions of each current and/or planned

faces vere analysed individually using significant
discontinuity orientations given in Table 1. However, local
steepenings or critical deviations from the highest

concentrations recorded in bedding planes were also taken
into consideration. With this application, it was aimed to
investigate the probable negative effects of deviations in
bedding orientations on the kinematical behaviour of slopes.
Besides, for slopes where sufficient directional data are
not available, the geological cross sections running

vertically to the strike of planned slopes were utilized.

Faults vere evaluated by taking their local
orientations in each sector into consideration. On the other
hand, on the basis of TKI's approach, analyses were carried
out alternatively for different highwall orientations and
wvorking benches both in the N-S and E-W directions for

sectors VIII and IX.

The graphical analyses for each design sector are
illustrated in Figure 7€a through i. The results of the
kinematic analyses are summarized in Table 14. On the basis
of information gained from kinematic analyses the following
conclusions were drawn for wmain structurally controlled
modes of failure encountered and/or expected in the study

area:

Plane failure: The entire stability of planned

permanent slopes in the N-S direction along the E and W
basin wmargins are mainly controlled by plane failures
(Figure 76d and e). Bedding planes dipping into the
planned excavations wmake these discontinuities the
major structural element contributing to failure. This
mode of dinstability seems to be more critical for
footwall involving weak black clay bed, which has a

lower shear strength than those of bedding planes in
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a.DESIGN SECTOR |

a.1.Section 1-1' a.2:Section 2-2'

Figure 76: Kinematic analyses ugsed to identify potential slope stability problems for design sectors.
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a.7, Section 7-7'

¥ Devimriens from smaan Seddig pone

b.DESIGN SECTOR 1l

¢ Deniations from maon badding pione

c.DESIGN SECTOR

Figure 76 (Continued)
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g.DESIGN SECTOR VII

f: faults swiking MW-SE (sost ef 13 1h sijce)
\wast of 131k slice}

i. DESIGN

i 1.Slices oriented in NS direction

h.1.Slices oriented

h.DESIGN SECTOR VIl

in NS direction

h2.Slices oriented in EW direction

BN: Working bench HW:Highwal

SECTOR 1IX

i.2. Slices oriented in EW direction

Working from E to W

TF. Cut face

i.The relationships between
face

line of intersection and slope

Working frem W to €

it1.Block diagram J.2.Cross- section

Lines of intersections

x //l\. x'

‘Lines of intersections of wedges

C and D do not daylight and
no wedge failure risk

Figure 76 (Continued)
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hangingwall rocks. Because of the restrictions, the
slope configuration on both basin margins is required
to maintain their planned position. Thus, as a remedial
work, flattening of slopes should be investigated using

deterministic (limit equilibrium) models.

Multiplanar shear failure The wost ocutstanding

possible occurrence of wultiplanar shear failure
instability is expected in design sectors I and II
where the slopes are controlled almost exclusively by
faults and bedding planes dipping into excavation. The
slope faces run almost obliquely or nearly parallel to
faults. This mode of failure is also expected to appear
in sectors VIII and IX if the wall faces constructed in
the E-W direction (Figures 76.h2 and i2). The
possibility of occurrence of this mode, which may
involve several benches, is evident from the failure
in Ozdewirler section (Figure 64). This implies +that
further remedial weasures may be required such as
maintaining the width of working benches as large as
posgible as proposed in mine plans. This application
will cause an increase in the length of lower gently
dipping strata and then increase in resisting forces
against failure. Several alternatives will be examined
in the next chapter using detailed 1limit equilibrium

method.

3-dimensional wedge failure : In all instances, plunges

of lines of intersection of wedges formed from the
combinations of steeply dipping joint sets are much
greater than the face inclinations and friction angles
of joints. This implies that no unstable wedge will be
resulted from the combination of joint sets in Sekkdy
formation. The case that no failuresz have been observed
invelving these features in the pit also confirms the

results.
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The wedges formed by the intersections of faults, which
appear locally in sectors VIII and IX, tend to make
wedge failures unlikely, unless local steepening in
their dips are encountered. On the other hand, their
flatter plunges play a positive role on stability
(Figure 76 h.2 and i.2).

However, wedges formed from combinations of faults and
steeply dipping joints in Sekkbdy formation may
introduce instabilities involving highwall or benches
only. The wedges involving these sets of discontinuity
have small dihedral angle and may probably tend +to
cause swmall wedge failures. Joint sets 1 and 2
contribute to the wedge forming more than as does set

3.

The kinematic studies are based on the assumption of
underground continuity of the surface plane of
weaknesses. Even though this may not be the case, the
assumption does provide an approach to a first estimate
of potential slope stability problems in the
preliminary assessments. But, continuity of discontinu-
ities throughout the entire slope 1s an important
factor controlling wedge failures. Faults in the study
area are continuous structures, while joint sets mostly
terminate in exposures. Therefore, wedge formation
throughout the entire bench of 12 m or highwall may not
be anticipated for every case. On the other hand, even
if plunge of line of intersection is smaller than the
face inclination, if line of intersection runs behind
the +toe of slope daylighting will not occur (Figure
763). Because of this argument, wedges with a line of
intersection plunging slightly shallower than cut face
may be categorized as safe or slightly c¢ritical.
However, considering the wedges with water pressure and
external loading, analytical sensitivity analyses wvere

also performed for safer design.
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Toppling failure: Toppling is =a possibility on a

regular, closely spaced and continuous discontinuity
set if its normal plots inside the ruled region of
Figure 74b. In addition to this, toppling can occur
only if the discontinuity strike is nearly parallel to
the strike of the slope, say within 30°. As it can be
seen from Figure 76, poles of the joints plot very
close to the boundaries of the ruled region rather
than in the central part. On the other hand,
persistence of joints are smaller than the height of
walls. This situation also prevents the forming of
continuous blocks. No failures have been observed
involving columnar structures in the pit. Therefore, it
is concluded that possibility of toppling in the study

area is not generally expected.
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CHAPTER 10

DETERMINISTIC ANALYSES AKND DESIGN EVALUATIONS

10. 1. Design Methodology

This section considers the geotechnical aspects of mine
design. Geotechnical aspects of design of an open pit mine
are concerned with deriving the steepest allowvable slope
angles and bench configurations and formulating any special
or remedial measures necessary for stability within given
economic and/or environmental constraints. The final design,
however will of course devolve from interaction of wmany
contributing factors which are beyond the scope of this
study. In this study, slope design parameters are considered
as overall slope angle, bench geometry and highwall geometry
for given sectors or rock types. Stability of slopes has
been defined in terms of "factor of safety" for given

conditions.

Stable highwalls and permanent slopes are essential for
the success of dragline operation and the continuity of the
production. Kinematical assessments are helpful only in

determining kinematically possible modes of failure, but do

not consider groundwater conditions, seismic acceleration
and some important geomechanical parameters, such as
cohesion and unit weight. In order to obtain design

parameters and to assess possible remedial wmeasures for
safer design conditions further detailed analysis of slopes

is required.

On the  basis of kinematical assessments, stability
conditions in each design sector were examined with respect
to the anticipated most possible mode(s) of failure and
various slope configurations. The analyses were principally

based on the methods of two-dimensional limit equilibrium of
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forces which are also known as conventional deterministic
framevork, as described in Appendix D. In addition to
various parameters, external loading imposed by dragline was

also considered in the analyses where it was necessary.

In the case of an earthquake, a horizontal seismic
force 1is applied at the centroid of the wmass under
consideration. It is assumed that this force has no effect

on the normal force or the resisting wmoment, so only the
driving moment is affected (Huang, 1983). Besides, seiswic
coefficient depends on the geographic location. An average
acceleration of 0.5 g for 225 years of return period has
been suggested to the southern part of the Aegean region
(Erdik et al., 19835). However, there is no available local
information about the acceleration to which the slopes are
likely +to be subjected throughout the life of the pit.
Considering that a degree of risk due to an earthquake
acceleration may be assessed in design, it is concluded that
the factor of safety will fulfill +this requirement. Thus,
uncertainities <from acceleration, however, was taken dinto
account in the analyses by suggesting higher factors of
safety in certain limits obtained from worldwide experiences

in open pits (Hoek and Bray, 1977; Huang, 1983).

In the first series of further stability analyses, the
applicability of the initial design project by TKI was
investigated. Second series analyses with the combination of
sensitivity approach were performed to introduce
alternatives +to remedial measures when a normally accepted

factor of safety could not be achieved for given condition.

10. 2. Design Sector I

In the analyses seven design sections (Figure 77) were

employed to take local variations such as orientation of
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overall slopes and of major structures into consideration.
As pointed out in the kinematic analyses (Table 14), the
stability in the sector is wmainly controlled by multiplanar
shear failure. Thus, on the basis of this model, two cases

vere considered in the analyses:

1) Exposed footwall case : Sliding along fault-A and
clay bed in footwall where the overall slope reaches
to the bottom of cocal seam, and where weak clay bed

daylights.

2) Hangingwall case : Sliding along fault-A and
bedding planes during different stages of slope

construction in hangingvall material.

The strata overlying the coal seam in the sector
consist principally of the main Sekkdy formation with a
small proportion of transition zone soils. Transition =zone,
however, was removed in June 1990 and not included in the
analyses. On the other hand, shallow excavations behind
fault-A indicated +that a very thin black c¢lay seam may
possibly continue at the upper levels of footwall, this is
the Turgut formation. Thus, to be on the gafe side it was
believed that employing the residual shear strength of
finest material of Turgut formation‘will be more realistic.
The residual shear strength parameters (Table 12) for other
discontinuities and mean unit weights of ‘each unit (Table &)

were used in all analyses.

As discussed in Chapter &5, +the assumption for
groundwater was that general groundwater table would tend to
follow a drawdown pattern, first towards the compact
marl/coal seam boundary and then towards the toe throughout
the overall =slope. The analyses were conducted wusing the

computer program called SWASE (Huang, 1S983).
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Section 3-3’ : The analysis of +the initially designed

42° overall slope profile with respect to exposed footwall
case (Figure 78a) yielded a factor of safety of 0.56. This
result indicates that a final design angle of 42° for this
section will be highly critical. Because of the wmultiplanar
nature of the sliding surface, to dimprove the overall
stability it was concluded that extending the lowest bench
or shifting its toe forward towards south in conjuction with
several combinations of the upper benches may improve the

stability.

On this basis, the examined slope configurations and
resulting factors of safety are introduced in Figure 78 b
through g. The analyses indicated that a factor of safety of
1.3, which is desirable in a major slope (Hoek and Bray,
1977), <could be attained by shifting the initial toe
position about 30 m forward (Figure 78 h) while applying the
same procedure for upper benches as shown in Figure 78 e

through g.
The analyses also indicated that no instability was
anticipated in different stages of slope construction in the

hangingwall material (Figure 78 i).

Section 4-4' : The first step analysis for initial

profile (Figure 79 a) indicated that design of a 41° overall
slope yielding a factor of safety 0.93, would be critical.
The next step was to analyse the effects of extending the
lowest bench and flattening of the slope (Figure 79a and b).
The results of exposed footwall case (Figure 79 c¢ and d)
imply that flattening of the slope to 30° or shifting the
initial position of toe 15 m forward by maintaining the
upper benches in their initial position might be considered
as a remedial measure satisfying a factor of safety of 1.3.
Additional analyses also indicated that =lope construction
in hangingwall would not cause any stability problem in each

stage (Figure 79e).
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Section 5-5' : Initial design profile yielded a factor

of safety of 0.3 which indicates stability of the profile is
critical (Figure 80 a). Additional analyses on various slope
configurations, shown in Figure 80 a and b, indicated that
extending +466 bench and flattening the slope in conjunction
with shifting the toe forward will be adequate (Figure 80
c). On the other hand, if overall slope is designed on +the
basis of a factor of safety of 1.3, the slope above the coal
seam will be more stable having a higher factor of safety of

1.44.

Section 6-6" : The initial overall slope angle is 32.5°

and it yields a factor of gafety of 1.2 (Figure 81 a). In
order to obtain higher factors of safety various geometrical
configurations involving slope flattening and shifting the
toe forward vere examined (Figure 81 a and b). The results,
as illustrated in the graphical form in Figure 81 c and d,
showed that if the slope is reduced to 29° or +302 bench is
extended in conjuction with shifting the toe 3 m forward
with respect to its initial position, a factor of safety of
1.3 will be satisfied. Various stages of slope construction

in hangingwall seems to be safe (Figure 81 e).

Section 7-7’ : A factor of safety of 1.2 was obtained

for the exposed footwall case with an overall slope angle of
30° (Figure 82 a). Flattening the entire slope to 27°, 25°
and 23° (Figure 82 b and c) improves the overall stability.
But this application requires more overburden removal. Thus,
the 4initial position of the toe and the upper benches were
shifted forward (Figure 82 d). As can be seen from Figure 82
e through g, improvement of the overall stability may be
achieved by shifting the toe 5 m forward in conjuction with
extended upper benches. On the other hand, the analyses
showed that any instability is not expected in different
stages of slope construction in hangingwall material (Figure
82h),
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Degign Considerations : The results obtained from

deterministic analyses on various sections showed that for
the stability of +the overall slope in design sector 1
exposed footwall case was the most critical. The stability
highly depends on footwall dip which increases at the
central part of the sector resulting in a drastic reduction
in stability. In order to achieve a desirable factor of
safety, flattening of the slope alone is not sufficient as a
remedial measure. Because of the multiplanar nature of the
failure surface, sliding forces can be minimized or balanced
by increasing the length of flatter part of the sliding sur

face. This requirement may be best achieved by shifting the
toe and upper benches forward rather than flattening slope

case only.

The slope profile of each section satisfying a factor
of safety of 1.3 was applied on the initial design project
for comparison purposes (Figure 77).  The most obvious
difference between the initial and redesigned slope
configurations appears in the central area bounded by the

design sections 3-3’ and 6-&’ where bedding steepens.

Both at the eastern and western parts there is a close
agreement between the slope configurations. Besides, an
overall slope design based on the toe shifting alternative
will also result in a higher safety for the portion of slope

constructed in the hangingwall.

The lateral restraint is provided by the material on
either side of a potential failure. It is clear that this
restraint will be greater if the slope is concave than it
would be if the potential failure is situated din a nose
which has a freedom to expand laterally (Hoek and Bray,
1977). This suggests that convex slopes are lesg stable than
concave slopes. The nose, in initial design project, at the

west introduces a convex shape. But redesigned slope
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profilés provide more gentle curvature and eliminate ‘this

possibility.

On the basis of equipment specifications, bench heights
of 10 to 12 m have been selected and the analyses carried

out indicate that there is no reason to amend this.

10.3. Southeast Wall (Design Sector II)

The permanent southeast wall at the south limit of
dragline slices are planned parallel to the state highway
(Figure 83). This wall generally cuts faulted blocks. The
structural pattern, adversely oriented with respect to the
wall orientation, may cause instabilities involving
multiplanar mode of failure and subsidiary plane shear

failure (Table 14).

Taking into consideration local wvariations in the
orientation of main structural elements, stability
conditions of +the sector were evaluated on five design
sections from the initial design project (Figure 83). As
discussed previously, residual shear strength parameters of
the faults and the bedding planes in overburden were
employed in the analyses. On the other hand, in addition to
the upper levels af Turgut formation black clay was also
included 1in the analyses for some gections where this

material appears.

The same groundwater model involving steady seepage
condition, as in the sector I, was assumed. The stability
conditions were examined with respect to the failures which
occur along the faults and bedding planes both in overburden
and footwall. The calculations were performed using the

computer programs SWASE and MBPF. A series of analyses
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carried out on five design sections are summarized in the

following sections.

Section 2D1-1’ : It is obvious from Figure 84a that the

stability of slope profile is controlled by the fault and
the two bedding planes with dinclinations of 70° and 6° +to
8°, respectively. Black clay is farther away from the block
bounded by the fault and thus +this material was not
considered in this case. The overall slope profile (exposed
footwall case), yielding a factor of safety of 1.03, is at
the limit equilibrium. Thus, shifting the tce forward and
slope flattening cases were examined for sliding along
footwall and along the bottom of hangingwall (Figure 84 a,
b).

The results (Figure 84 ¢ and d) dindicated the

followings :

1) The stability of the overall slaope is gaverned by
the footwall strata and slope configuration in the

hangingwall is more stable than the overall slope.

2) In order ta achieve safer stability conditions such
as satisfying a factor of safety of 1.4 or 1.5, it
is necessary to flatten +the slope to 20°-~21°. This
alternative results in more overburden removal and
very short distance (40 m) between the highway and
slope crest which may be cpnsidered a critical
distance. 0On the contrary, shifting the toce 25 m
forward without slope flattening provides same

safety conditions.

If a slope design based on the initial project is made
and failure occurs, the possibility of plane failure in the
mass behind the failed faulted block may increase. This case
was examined for the bedding planes running +to different

depths and daylighting on the pre-failure surface (Figure
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85). It was also assumed that the potential tension crack is
located on a pre-existing geological feature such as a
vertical joint. The tension crack position was stepped out
from the crest to the highway and wvarious water heights in
tension crack vere considered in performing sensitivity

analysis.

The results of sensitivity analyses (Figure 85) suggest
that the most critical tension crack position will develop 1
m from the slope crest and the plane failure will occur
along deep seated bedding planes when the +tension crack
becomes water-filled as a consequence of rain storm.
However, it is obvious +that this type of instability
involves a small amount of rock mass and its possibility
seems to be minimal. Thus, it is concluded that the plane
failure wmway occﬁr if the conditions of heav? rainfall and

steeper bedding are satisfied after a multiplanar failure is

completed.

Section 2D2-2’ : 1In this profile +the fault behind
borehole JT4 was considered as the upper bound of
multiplanar failure surface (Figure 86 a). Black clay

penetrated by borehole JT4 was also included in the
analyses. The initial design profile for exposed footwall
case yielding a factor of safety of 1.24 seewms to be stable,
while the profile above the coal seam is at the limiting

equilibrium condition (F = 1.09).

If the benches are shifted 5 m back with the same +toe
configuration (slope flattening), the factor of safety
decreases to 1.06 (Figure 86 a). This condition arises from
the fact that due to increments in bedding dips towards
south, removal of the overburden for slope flattening
results in an increase in sliding forces. Thus, to achieve
more stable conditions shifting the toe forward seems to be

more effective measure (Figure 86&b, c).
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Section 2D3-3’' : The entire profile in this case is cut

by two faults. But the fault-C is wmore critical and
contributes +to multiplanar sliding surface (Figure 87a).
Therefore, fault-C and the black clay at the central part
was considered. The first series of analyses indicated that
the slope profile with respect to initial design would be
critical for footwall and hangingwall (Figure 87b). Slope
flattening is also not an effective remedial measure, as in
the previous section (Figure 87c). But it is obvious that
shifting +the +toe by some amounts forward will provide

adequate stability (Figure 87b).

Section 2D4-4" : The initially designed slope profile

is bounded by fault-E from south and the bedding planes are
nearly horizontal (Figure 88a). Besides, weak black clay
does not contribute to sliding surface. These favorable
conditions provide considerable higher factors of safety
{(Figure 88b). In order to produce more coal all benches wvere
shifted back to =socuth and the stability condition was
examined in this case. The results (Figure 88b) showed +that
the overall slope is still stable, but the factor of safety

decreases froh 1.5 to 1. 4.

Section 2D5-5’: This profile, involving gently dipping

strata and thicker coal seam, runs very closely to highway
bridge. The fault appearing between boreholes I98 and S3 is
more likely to contribute to the failure than others (Figure
89a). Because of low factors of safety such as 0.6 and 1.17
obtained for exposed footwall and hangingwall cases, initial

slope design is required to be revised.

Considering unimportant effect of slope flattening,
only toe shifting case was examined. The results (Figure
89b) indicated that the overall stability was more critical
than the stability of hangingwall and that shifting the +toe
20 to 25 m forward would provide a factor of safety of 1. 4.
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Design Considerations : In this design sector

multiplanar shear failure is the most critical mode of
failure. The possibility of this type of failure to occur is
higher, particularly, at the east and central parts of the
sector where dips of strata increase and weak clay
contributes to failure as a central sliding surface. On the
bagis of stability analyses initial design should be
revised. As a remedial measure, shifting the toe forward to
the north will provide better stability than slope

flattening alternative.

The experience gained from these analyses alsoc helped
to wunderstand the causes of movements observed by TKI
personnel between the highway and permanent slopes at the
southern edge of previous slices. Because of the increases
in dips of bedding planes and removal of the coal seamn
extending back to the faulted blocks result in an exposed
footwall case. Slope movement may be initiated along the
footwall strata and then tension cracks may have been
formed. However, immediate material filling into the wvoid
created by stripping has played a toe buttressing role and
the movement was terminated. This approach was also
confirmed by a similar movement at the end of ninth slice,
in December 1990, which initiated when the stripping was
exceeded in the faulted block to the toe limits as suggested

by the results of analyses given herein.

For critical slopes adjacent to haul roads, important
installations or important engineering constructions, such
as highwvays, which should waintain their stability
throughout their service life, a minimum factor of safety of
1.4, preferably 1.5, is suggested (Hoek =and Bray, 1877;
Huang, 1883). Due to the importance of design sector II and
its position with respect to the highway, it is advisable
that sghifting the toe forward in each section should be
based on a minimum factor of Saféty of 1.4, The amount of

shift (toe) determined from the graphics given in Figures 84
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through 89, on the basis of factors of safety 1.4 and 1.5 is
tabulated in Table 15 for each design section. If a
comparison 1is made between the profiles of initial design
and the revised profiles, a small amount of coal will be

left by the application of shifting the toe forward.

In order to avoid convex slope configuration after
revision of the profiles, shifting should be based on the
most critical section. On the other hand, the void resulted
from the stripping should be filled in the shortest possible
time after the removal of coal for better improvement of

overall stability.

10.4. Southvest Wall (Design Sector III)

The permanent slopes planned in design sector III and
in the southern part of sector IV (Figure 83) will be
constructed in sandstone, transition =zone and Sekkdy
formation. The strata are nearly horizontally bedded lacking
shear or fault zones. The Sekkdy formation cut by the slope
is mainly represented by its upper weak sequence. Based on
the kinematical evaluations, any structurally controlled
failure is not anticipated along these walls. Hoek (1971),
Jaworski and Zook (1979) reported approximately circular
slip surfaces that cut across the bedding planes passing
through +the rock mass in the upper region of the slope,
while in the lower regions they go nearly parallel to the
bedding. Because of circular failure experienced in the
transition =zone soils and weak nature of the rock mass in
Sekkdy formation along basin margins the possibility of mass
failure, as reported by above mentioned authors, is also
investigated. In spite of the favorable orientation of
structural elements with respect to slope orientation, this

experience is required to understand the behaviour of the
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Table 15: The amounts of shifting (toe) with respect to factors
of safety of 1.4 and 1.5 for design sector II.

Design Section The amount of shift Critical sliding
No (m) level (=)

2D1-1" 23 29 Fottwall
2D2-2’ 11 15 Bottom of hangingwall
2Db3-3" 42 70 Bottom of hangingwall
2Db4-4 (xw) Initial Footwall

design
2D5-5" 20 23 Footwall

* Indicates more critical sliding condition.
#+ F=1.5 with respect to initial design by TKI, for F=l.4 toe is
shifted 5 m forward towards the highway.
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cuts when high stresses develope in conjunction with the

steepening and hightening of slopes

The stability of individual benches and slopes cut in
each unit was analysed by first series analyses and the
combined results were employed to investigate the stability
of overall slopes which cut different wunits. 1In the
analyses, the computer program MTASLP, based on Bishop'’s

method (Bishop, 1955) for circular slip surfaces was used.

10.4.1. Stability of Slopes in Transition Zone Soils

The stability conditions of transition zone having a
maximum thickness of 25 m was investigated on the basis of
individual bench stability and overall stability. Based on
the back analyses the residual shear strength of this =zone
(Table 12) and the mean unit weight (Table 6) were used in
the analyses. Due to the lack of information on probable
perched water levels in the zone, general water table (Plate

3) was considered and the dry slope case was analysed.

Individual benches of 12 m, 10 m, and 7 m high with
respect to various inclinations such as 70°, 60° and 50°¢
vere examined for the slip surfaces passing through and
behind the toe. The results (Figure 90 a) indicated that the
toe failures yielded minimum factors of safety. In addition,
to achieve factors of safety ranging between 1.1 and 1.2,
which are acceptable values for an individual bench, 7 m
high bench with a face inclination of 50° or 60° should not

be exceeded.

By considering safer 7 m high benches, stability of
overall slopes involving two or three benches (14 or 21 m)
wvas analysed for various slope angles. The variations of

factor of safety and slope height with overall slope angle
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are illustrated in Figure 90bl and b2. It is obvious that in
order to make a design on the basis of factor of safety of
1.3 or 1.4 the overgll slope angle in this zone should be
maintained at 28° or 30° and 26° and 27.5° for the 21 m and

14 m slopes, respectively.

10.4.2. Analysis of Mass Failure Possibilty in Main Sekkdy

Formation

In order to investigate any possibilty of rock mass
failure in main Sekkdy formation, which does not introduce
structurally controlled failure in this sector, stability
analyses were performed with respect to circular failure
mode. On the basis of three design sections (Figure 91)
vertically oriented to initially designed slopes (Figure
83), the maximum thickness of this rock mass ranges betveen
60 and 70 m. On the other hand, in the initial design a wide
bench or toe just above the coal seam is left to provide a
toe buttressing effect. This lowest bench was not considered
in the analyses. In spite of the lack of valuable
information on groundwater conditions in this sector, the

same approach as in the previocus case was made.

Classification of this rock mass under consideration
gives an RMR rating of 43. Cohesion and internal <friction
angle of this rock mass are estimated from the relationships
illustrated in Figure 60b2. The rock mass obeys the non-
linear failure criterion. However, expected heights of
slices in the circular failure arcs seem to be very siwmilar
to each other with the exception of a few slices located at
the toe and crest areas. Thus, for the sake of simplicity in
the analyses, it was concluded that employing the shear

strength parameters corresponding to average normal stress
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level acting along the slip surfaces would cause negligible

effect on the results.

The first series of analyses indicated that a bench
would be stable even if it was designed 12 m high with a
face angle of 70° (Figure 92a). Considering the maximum
thickness of the rock mass as 70 wm, slopes of 70 m, 48 m
and 36 m high were analysed with respect to various overall
slope angles. The analyses show that slip surfaces passing
through the toe yield the minimum factor of safety (Figure
92b). The results are introduced in the form of graphic
illustrating the relationships between design parameters

(Figure 92c).

The southwest wall and the wall at the southern pa}t of
sector IV are considerably far from the highway indicating
favorable condition for the stability of highway; However,
it dis advisable that an overall slope design based on a
factor of safety of 1.3 may provide safer stability
canditions against unexpected site conditions and earthquake
acceleration 1risk. Thus, a slope in this rock mass of 70 m
high should be designed with an overall angle of 34° instead

of 45° proposed in the initial design.

In addition to above mentioned analyses, in order to
investigate the effects of individual bench height and
resulting bench configuration on overall slope stability,
analyses vere alsc performed. For this purpose, a 35° slope
of 70 wm high involving seven benches of 10 m each was
examined. This configuration yielded a factor of safety of
1.278. This result indicates that 2 m of decrease in bench
height results in an increase in the factor of safety by 1 %
only when compared with slope involving 12 meters high

benches (F = 1,261).
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b. Slope configurations analyzed and critical slip surface for a 70m height
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Figure 92: Stability analysis of weak portion of main Sekkdy formation based on the mass failure.
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10.4.3. Overall Stability of Southwest Wall

The overall stability conditions at southwest wall were
evaluated by considering different units in which the slope
iz cut. For this purpo=se the desigﬁ section 4D2-2' was
employed. In the first series of analyses the overall slope
profile was constructed for a factcor of safety of 1.3 with
respect to the design parameters of each unit (Figure 91 and
923, Based on the observations performed on highly stable
benches cut in the szandstone, slope angle was selected as
45°, The geocwetrical parameters employed in the analyses and
the slope analysed are shown in Figure 93a. In spite of
massive character o©of =zandstone and the lack of distinct
structural features, for the sake of =zimplicity, the failure
is =assumed to develop through the intact rock and shear
strength parameters of woderately weathered portion of the

unit (Table 11) was selected.

The resulting valuez of factor of safety are 1.312 and
1.29 for dry =slope and the =zslope with steady state
groundwater case, respectively (Figure 93a). Thiz result
indicate=z that overall slope design may confidently be wmade
if the =zafe =slope angle for each unit corresponding to &
factor of safety of 1.3 is selected (Figure 90 and 92) and

then they are applied to an overall slope configuration.

Planned slope heights are different for each unit in
different parts of the design sector and this is reflected
in the deszign angle. But, in practice, application of
different slope angles may be restricted or introduces some
difficulties because of variations in thickness of each
unit. Therefore, designing of the slope with respect tce the
stability conditions for the dominant rock type seems to Dbe

more practical.
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a.Overall slope profile. analyzed and results of analyses

for southwest wall 70m height
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Figure 93: Mass failure analyses for slopes involving different rock and soil units at sector III and south of sector 1IV.
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The alternative was investigated by taking into
consideration the fact that rock mass in main Sekkdy
formation is dominant rock type. The analyses were performed
for 30°, 32°, 35° and 40° slopes (Figure S93b). This revealed
that the difference between the factor of safety of 32°
slope designed with respect to dominant type of rock (Figure
93b) and 32° glope designed with different angles in

different portions (Figure 93a) is only S %4 .

10.5. Stability of West and East Sidewalls (Design Sectors
IV and V)

The permanent slopes or sidewalls along the basin
margins will‘be constructed in the N-5 direction, both at
vest and east. An initial design was wmade by TKI for the
vest sidewall at a certain location (Oweroglu Stream).
Besides, dense vegetation cover and the lack of sufficient
number of investigation boreholes along the basin margins
introduced some uncertainties such as groundwater
conditions, «continuity of black clay, and localities where
the coal seam is ended. However, the locations where more
information wvwere available, are determined and limited
number of sections running through these locations are

employed in the analyses (Figure 94).

On the basis of kinematic analyses plane shear failure
mode was analysed using the computer program MBPF (Appendix
E3). The slopes will cut all the units encountered in the
study area with exception of transition zone deposits. A few
analyses with respect to the sliding surfaces along the
undulating planar bedding planes in limestones yielded
considerably high factors of safety. It is than concluded
that the overall stability of sidewalls is mainly controlled

by the shear strength of bedding planes of the main Sekkdy
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formation and the footwall material. Thus, further analyses

were based on this argument.

In-situ observations performed on slide 1 adjacent to
basin wmargin at Ertrans section (Figure 61) suggest that
tension cracks occur in the slope face resulting in an
unstable block and an unsupported rock mass behind it. After
the initiation of the first slide the remainder unsupported
mass further up of the face may tend to move retrogressively
towards the void. Therefore, tension crack in the slope face

was considered more critical for this case.

Because of some uncertainties involved at the basin
margins, stability of sidewalls is required to be analysed
by sensitivity approach. The conditions investigated are as

follows:

1) Dry slope with tension crack,

2) Water in tension crack and along the sliding surface
only (crack is filled with water to various

depths, zy, = 0.2, 0.3, 0.5 (Appendix D1),

3) Non-linear water table daylighting at the marl/coal

seam boundary and dry tension crack.

Water losses encountered in borehole JT1 drilled in
limestone at the east margin (Figure 94b) and dips of strata
probably suggest that limestone and conglomerate appearing
in the wupper benches may involve insignificant amount of
vater. Thus, on the basis of in-situ observations the
groundwater table was assumed to lie just above the

marl/coal seam boundary.
On the other hand, the approach employing one of shear
strength parameter for the black clay or finest material of

Turgut formation will lead +to a conservative or an
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optimistic design. In order to avoid extreme assumptions,
all experimental data derived from the peak and residual
shear test results (Table B.10/C1, C2) were evaluated
together. The regression analysis based on the linear fit
vielded shear strength parameters as c = 13.6 kPa and ©=27°.
It is assumed that these parameters may balance the
uncertainties resulting frgm the questionable conditions of
footwall materials in these sectors. The shear strength
parameters of bedding planes in the main Sekkdy formation
wvere taken as c = 12.3 kPa and @& = 26.5° (Table 12).

The design sections, examined slope profiles and the
results of sensitivity analyses are depicted in the
graphical forwm in Figures 93 through 99. The graphs help to
locate the position of tension crack which yields wminimum

factor of safety.

As it can be seen from the results, most critical
conditions arise or minimum factor of safety is obtained in
the case of tension crack filled with water coinciding with
mid point of tension crack, and the sliding surface follows
the bedding planes in footwall. These conditions become more
critical if tension crack position is located close to the
crest of slope. It also indicates the pcssibility of a
large volume of unstable mass. However, in the same
conditions factors of safety greater than unity are yielded

for the portion of slope resting on the coal seamn.

In +the case of drawdovwn with no water pressure at the
face of the benches in hangingwall, stability conditions are
better +than the case of tension crack filled with water.
Because the water pressure is lower din this case. The
tension cracks are located at the toe region, however, cause
a sharp decrease in factor of safety, particularly in design
sections 4D3-3’, 5D1-1’ and 5D2-2’ where ccal is thicker and
consequently phreatic surface daylights at higher elevations

In this condition, however, most critical position of
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a. Design section and overall slope angles analyzed
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a. Design section and overall slope angles analyzed
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tension crack appears arocund the toe region resulting in
small rock slides. It is considered that this slide may not
threaten the stability of entire slope and may be

controlled.

A tension crack filled with water to its wmwmid point
demonstrates the wvorst case amongst other casesg
investigated. This case may occur after a week or more of
heavy rain and that this may be followed by an exceptionally
heavy downpour filling an existing tension crack in the
slope face. But, this ig a very extreme case to occur. On
the other hand, blasting for easy digging in limestones and
conglomerates appearing in upper benches is necessary. This
will produce an acceleration of an unknown magnitude. Thus,
as a remedial measure against these adverse conditions an
overall slope angle ranging between 30° to 33° seems to be

safe.

10.6. Stability of Highwall Slopes

Stability of slopes surrounding the highwall, where
dragline operates, are considered with respect to the

following wodes of failure:

1) Mass failure fcllowing a circular slip surface which
may develop through the blasted highwall material,

and

2) Failures controlled by major discontinuity sets.

On the basis of kinematical assessments, no
structurally controlled failures are anticipated in design
sector VII where dragline operates along N-S5 oriented
highwalls. However, the possibility of mass failure, which

may endanger the stability of the dragline, wvas
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alternatively examined. In addition, stability of highwalls
vas investigated with respect to multiplanar wmode of failure
which is more critical in design sectors VIII and IX if the

highwalls are oriented in the E-W direction.

10.6.1. Possgibility of Mass Failure in Highwalls

The slopes of dragline panel or highwall (Figure 73)

include:
a) The slope in front of the dragline (cut face)

) The highwall of the slice where dragline operates
{old highwall)

c) The highwall of the slice to be excavated next (new

highwall)

In the analysis of highwall slopes following

assumptions were considered:
1) The bedding is horizontal or nearly horizontal.

2) The failure occurs along a circular slip surface

through the rock mass.

3) On the basis of current mining practice the
overburden thickness stripped by dragline ranges
between 20 to 23 m.

4) OGroundwater table wmay daylight on the wall face at
different depths around the marl/coal seam boundary.
Before the dragline moves on a new highwall, 1200 m
long slice will be stripped by the dragline, thus

there will be sufficient time for drainage to occur
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3

6)

7)

8)

D)

along the highwall. Thus, the overburden material

cut by old highwall is considered as a dry slope.

The shear strength of parameters of blasted compact
marl are determined from Figure 60 b.1 as c = 60 kPa

and @ = 29° for the 25 wm high highwall.

On the basis of current mining practice and
equipment spesifications, highwalls of 55°/70° and
60°/70° (hangingwall/coal), and cut faces of 30°
vere annalysed. In addition, cut faces of 45° were

also examined.

When evaluating the impact of the dragline loading,
the static load as well as the dynamic loading from
the dragline operation should be considered. Since
there is no available data on the nature and wmwagni-
tude of the dynamic loading; the dynamic loading was
not considered in the analyses. The dragline is as-
sumed to produce strip loading and this load is
entered into the computer program MTASLP. The dragli-
ne loading is not considered in the analysis of new

highwall slope where the dragline does not operate.

Current operation suggests that minimum distance

between the slope crest and the dragline pad is 12m.

Various slip circles passing through different
points of the hangingwall were examined by means of
iterations to obtain mwminimum factors of safety. The
coal seam was not included in the analyses due to

difficulty in obtaining suitable coal samples.

Due to the possible range of drawdovwn of the

groundwater table and different slope angles, and overburden

heights, sensitivity approach was used to see what effect

factors have on the predicted factor of safety.
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Besides, three different positions of the dragline with

respect to slope crest vere also taken into consideration.

Slope geometries, possible positions of the dragline
and the slip surfaces corresponding to minimum factors of
safety for each highwall slope and cutface are introduced in
Figure 100 a through c. The results are summarized in Table
16 and the sensitivity plots developed are also given in

Figure 100 d.

Based on the results of the analyses followings are

obtained:

1) New_ highwall slopes s+ The failure surfaces

corresponding to minimum factors of safety are
shallovw seated slip surfaces passing through the toe
(Figure 100 a). New highwall slopes seem +to be
stable wunder given conditions, even if the water
tables lies above marl/coal seam boundary, as
shown by the surface 3 in Figure 100 a. The current
stable highwalls in +the pit also confirm these
results. However, because of the complex and shallow
seated highwall failure which occurred in front of
the tewmporary piles adjacent to new highwalls their
effect on the stability should be taken into
consideration. Thus, to account this effect
indirectly by stipulating that a factor of safety of
1.3 may be used for purposes of establishing the

design of new highwall (Jaworski and Zook, 1979).

2) 0ld highwall slopes : The position of predicted =slip

surface vielding a minimum factor of safety
approaaching unity for the dragline is of dimpor-
tance. As it can be seen from Figure 100 b, for 25 m
thick overburden at 553° face angle, yields high
factaors of safety with respect to different dragline

positions. However, predicted slip surfaces yielding
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Figure 100: Stability analysis of highwall slopes constructed in blasted material with dragline load.
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minimum factors of safety, undermine about half of
the dragline pad and the stability conditions
tend to decrease as dragline wmoves towards the crest
(Table 16). Similar results on slip surface in the
case of dragline with a capacity of 60 m3  were
obtained by Jaworski and Zook (187%9). Because of the
uncertainties resulting from the dynamic loading of
the dragline and the seiswmic coefficient as well as
the importance of the dragline itself, it is
important to select the factor of safety as 1.3,
preferably 1.4 for the design of old highwalls. On
the basis of current practice and the results of
stability analyses a minimum distance between the
dragline pad and the crest zhould be wmaintained at

12 m and there is no reason to amend this.

3) Cutfsce slopes : Based on a factor of safety of 1.4

a cutface s=lope seems to be highly safe against ma

4}
U}

failure for both cases, that is slopes at 30° as  in
the current practice and slopes at 45° as an
alternative, even 1f the overburden thickness is 25
m (Table 163. Thus, a cutface involving an
overburden of 20 wm thick iz not required to be

analysed.

10.6.2. Structurally Controlled Failure Analysis For
Highwalls (Design Sector VIII and IX)

It is obvious frowm the kinematic azsesswents and the
back analysis of slide 2 (Figure £35) that 4if slices and
wvorking benches are designed in the E-W directicn the wmode
of multiplanar failure appears in certain parts of design
sectors VIII and I¥. This failure involves the faults and

bedding planes striking NE-SW and adversely dipping into

excavation.



In order to investigate minimum safe bench width and
the possibility of highwall failure in dragline panels at
these sectors, deterministic stability analyses were carried
out wusing the computer program SWASE (Huang, 1383) and
residual shear strength parameters of discontinuities given
in Table 12. The loading of the dragline was also taken into

account.

The first series of analyses performed for safe bench
width were based on the pre-failure slope configuration in
section C-C’ employed in back analysing of slide 2 (Figure
101a). A mean dip value of 65° was selected in the analyses
for the fault planes in the sectors. As it can be seen from
the graph given in Figure 101b, in order to obtain a factor
of safety of 1.3, as recommended for temporary mine slopes
{Hoek and Bray, 1977), the minimum distance between the

working or advancing benches should be kept as 35 m.

In the case of highwalls oriented in E-W direction,
faults striking NE-SW and dipping SE run obliquely to the
slope faces (Figure 10lc). The higwall slopes are steeper
than +the cutface slopes. Therefore, it is considered that
the mode of failure would be more critical for old higwalls.
On the other hand, depending on the advance of the dragline
on the highwall there will be many possible paositions of
the fault that may run behind or ahead of the dragline, as
illustrated in Figure 10lc. Assuming the most critical
position of the dragline whose pad seats 12 m away from the
crest, stability conditions resulting from the relationships
between variocus positions of the dragline and the fault were
investigated. For the purpose, a cross section parallel to
dip direction of the discontinuities contributing to failure

was employed (Figure 101d).
The wvariations in factor of safety with the distance

between the fault and the crest are illustrated in Figure

10le. As it can be seen from the curve, factor of safety
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a.Determination of safe bench width against multiplanar failure

b. Factor of safety versus bench width
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tends to decrease to unity, indicating a multiplanar shear
failure risk, when the dragline seats very closely to the
cresf and the fault runs behind or in front of the dragline
within a distance of 30 m from the crest. In these condi-
tions when the distance between the old higwall crest and
the fault is 350 m the factor of safety approaches to 1.3l.
Thus, if the highwalls are oriented in the E-W direction, as
it is the case between the boundaries of 13th and 1gth
slices and in the vicinity of ﬁmeroglu Strean, where the
major faults such as G and F cut the slopes obliquely (Plate

1), highwall instability problems can be encountered.

10.7. Analysis of Possible Wedge Failures

Kinematic assessments indicated that wedges are likely
to develope in design sectors VI, VIII =and IX. Wedge
possibilities are confined to a working bench of 12 m high
and overburden material of 25 m thick. Analytical method of
analysis was employed to investigate the stability of these
wedges considering various parameters. The calculations were
carried out using the computer program WEDFA (Appendix E.4)

modified to incorporate loading of the dragline.

Input for directional data for each wedge was obtained
from the kinematical analyses on the basis of the
streographic construction given in Figure 102a. The
kinematic studies are based on the assumption of underground
continuity of the surface plane of joints. This wmay not be
the case, as indicated by the statistical analyses performed
on joint persistence measurements. On the other hand, water
percolating through joints or tension cracks wmay built up
hydrostatic pressure during periods of rain. Above
conditions are treated through sensitivity analyses. In the

sensitivity analyses the following cases were considered :
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1) Dry slope with no tesion crack,
2) Dry slope with tension crack behind the crest,
3) Slope with tension crack and hydrostatic pressure.

In the analyses various wedge heights (H) depending on
daylighting 1location of the lines of intersection on the
slope face (Figure 102 c¢) and tension crack positions behind
the crest (Figure 102 b; distance AT) were also included.
In the analyses it was assumed that water is free to enter
the tension crack (trace TV in Figure 102 b) and that water

pressure distribution is as shown in Figure 102 d.

As indicated by back analyses, the residual shear
strength parameters of the faults and joints were employed
as input parameters (Table 12). Overburden slopes 20 to 25 m
high at 53° to 60° and working benches 12 m high at 70° were

analysed.

10.7.1. Design Sector VI

The results of sensitivity analyses performed for the
wvedges involving faults and major joint sets (Igy, j2 and
If2, j27 Figure 76f) are tabulated in Table 17. It is obvious
that the wedge involving fault 1 and joint set 1 is stable
under variocus conditions. The plunge of +the line of
intersection 1If;, 51 is flatter than the internal friction
angle of the joints. This situation results in high factor

of safety.

The results indicate that the wedge involving fault 2
and joint set 2 is generally safe. It wmay tend to be
critical, however, when the height and slope angle of the

highwall increase to 25 m and &0°, respectively and the
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Table 17 : Limiting equilibrium analysis of wedge
failures-Design Sector VI

Tyoe of Siope Height Height Tension water External Factor of
510D angle of slope of weage crack congition loading Gafety
position F
H{' QT**
{" {a) (@)

a) Ig; 41 = 30/068 {(Figure 76f), slices oriented in the N-5 direction

Highwall 550 25 o3 None Dry None 5. 589
Highwall i 25 23 None Dry Dragline 3.315
Highwall 554 &3 20 Nene Dry None 4,519
Highwalil 550 25 20 None bry Dragline 3.218

B) Ifg, jz = 48/108 (Figure 76f), slices oriented in the N-5 direction

Highwall 550 b co None Dry None 1.613
Highwall a5° 25 £ None Dry None 1.803
Highwall 3¢ ¢ 12 None Dry None 2. 438
Hiphwall 950 &3 25 & bry None 1.5%
Highwall 554 £ 20 4 Dry None 1,794
Highwail 550 25 12 4 Dry None 2. 414
Hignwall 55% ] 25 4 W. pressure None 1218
Highwail o5¢ o3 20 4 W. pressure None 1.562
Highwali S5 2o 12 4 W. pressure None 2,680
Highwail e e3 &3 None ey None 1414
Hignwali BO% 25 20 None Dry None 1.554
Highwail &0 25 1z None Dry None 2,023
Highwall bu &3 25 fone Dry None 1. 381
Highwall aue £l 20 None bry None 1.9ce
Highwall 60¢ 25 i hone . Dry None 2.016
Highwail 80¢ 23 o5 None  ¥. pressure None 0. 768
nighwall 60¢ oo 20 Nome  W. pressure Nene .02t
Highwall 80 23 12 None  W. pressure None 1.864
Werking J08 ie 1& None Dry None {.591
bench 70? 12 12 4 Iry None 1,533

" 70° 1 12 Z W. pressure Nane 1. 505

keference should be made to Figure 102 ¢
**  Reference should be sade to Figure 102 b

Ify,j1 = 307088, “plunge/trend” of line of intersection
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joint set is continuous throughout the entire wall. This
case also involves a tension crack filled with water
appearing 4 m behind the crest. The persistence data,
however, showed that a continuous joint running throughout a

25 m thick overburden is rather unlikely.

10.7.2. Design Sector VIII

The results of the analytical solutions for the wedges
outlined in Table 14 are tabulated in Table 18. Major faults
striking NW-SE and NE-SW intersect each other at the eastern
boundary of the 21th glice and the 1line of intersection
plunges 62° east (Figure 103a) The line of intersection,
however, does not daylight on the wall face (Figure 103b;
line LI1) and the wedge is stable in this case. However, if
the dips of faults under consideration reduce to 50° due to
local wvariations in their orientations, plunge of the 1line
of intersection tends to be flatter approaching to 40° as
shown by the line LI2 in Figure 103b. Even in this case the
line of intersection will not be daylighted by the highwall
slope. The width of the panel is 80 m and this geometrical
configuration makes daylighting impossible. As a conclusion,
this wedge cannot be activated unless the current position
of +the slices are changed. On the contrary, if the slice
boundaries are shifted 5 to 10 m toward east, the line of
intersection way appear on the next highwall face, as
demonstrated in Figure 103 b, and then the factor of safety
falls below unity (Table 18a}.

Wedges involving faults and joints (Ifl,j2' If2,33) may
develope critical conditions if the joint sets

continuous throughout the overburden even 1f no water
pressure developes. Turning to persistence of joints im  the
overburden, the pos=sibility of occurrence of these vedges

seems to be minimum. However, surcharge effect of temporar
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Table 18 : Limiting equilibrium analysis of wedge

failures-Design Sector VIII

Type of Slope Height Heignt Tension Water External Factor of
slope angle of slope  of wedge orack conditien  leading Safety
pasitian F
H A7
{9} {2} {2}

a) Ifp2 = 40/0B4* (Figure 76 h.1) slices oriented in the N-5 direction
Highwall 580 25 25 None Dry None 0,876
Highwail 550 2o 20 None Dry None 0. 985
Highwall 550 25 12 None Dry None 1,348
Working 709 2 ie None Dry None .967
Sench 708 12 i2 1 Dry None 0,954
b) Ifi,jg = 407110 (Figure 76h.1), slices orienied in the N-5 direction
Highwall S50 25 e5 None Dry None 0.605
Highwall S50 23 20 None iry None 0.93
Highwall 559 25 i2 None Dry None 1,998
Working 708 12 ie None bry None 0,863
bench
e} Igp, ;3 = 43/200 (Figure 76N.2), slices oriented in the E-W direction
Highwall 550 25 25 None bry None 0,798
Highwall 33° 23 0 None Dry None 1.166
Highwall o5t & i Nene Dry None 2.393
Highwall &0e 25 &5 None Dry Nene 0.E
Highwall 80° 25 20 None Dry None 0. 794
Highwall &0? 25 i2 None Dry Nome 1,771
working 70° g ie None Dry None 1.08
bench 708 12 8 Nene Ory Ngne 1,936
# 700 i2 4 None Dry None 4,588

¥ Orientation of faults is not taken as in Figure 76.hi. Their dip is assumed as 50%, then
resulting line of intersection is esployed in the analyses.
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piles dumped near the crest of the slope should be

considered.

'10.7.3. Design Sector IX

Possible wedges involving faults and joints (Figure
761) were treated analytically for two possible highwall
orientations. Because of the close agreement between the
plunges of lines of intersection and wall inclination,
majority of the cases yielded considerably high  factor of
safety (Table 19). Sensitivity analyses indicate that where
joints are continuous, tension cracks are filled with water,
slope angles reach to 60% and the overburden thickness

approaches 25 m shallow seated wedge failures may occur.

Due +to the shallow seated wedges involving tension
cracks located 3 to 4 m behind the crest and also
considering the possible position of the dragline, loading
of the dragline was not taken ino account in the analyses.
On the other hand, on the basis of féctor of safety
calculated, wedge failure seems to be more critical along
the walls oriented in the E-W direction +than the walls

running in the N-S direction.



Table 19 : Limiting equilibrium analysis of wedge
failures-Design Sector IX

Type of Siooe Height Height Tension Water gxternal Factor of
slooe angle of siope  of wedge crack condition  loading Safety
pasition F
H AT
i) im) (@} ()
& Iy, qc = 3¢/110 (rigure 76i.1), slices oriented in the N-5 direction
Highwall oo £3 P None bry None 1,709
Hignwall 359 23 20 None Ly None 1,528
Highwall S5 23 iz Non Dry fNone 2. b7
Highwall 55° 23 e3 2 iry None 1,677
Hignwall o] 23 el 2 Dry None 1.89%
Highwall 95 £9 12 g bry None 2. b4t
Highwall 359 &5 oo 4 W, pressure More 1.076
Highwall 550 25 20 2 W. pressure None 1,330
Highwall o0 ] 1z 2 W. pressure None 2445
Highwail 60¢ oo 25 None Dry None 1,613
Hignwail 60¢ 23 20 None Dry None 1,808
Highwall B0? 25 12 None bry Nore Z 457
Highwail By 25 25 3 Dry Nome LL.574
Highwail &0¢ 25 =y 3 Dry None 1765
Highwall 80¢ 25 12 3 bry Nome 2. h43
Highwall B80* &3 &3 3 W. pressure None 0.797
Highwall &0? 5 g 3 H. pressure None 1,102
Highwall &0? &3 12 3 W. pressure fone 2131
Working 70% 12 1 None Dry None 163
pench 700 12 lg 3 Dry None 1,563
# 708 ie 12 None Dry None 1,982
} ot 12 12 None Dry None 3.110
. 70e ig 12 None  W. pressure None {320
b} Iy 33 = 52/196 (Figure 7Tol.2), slices oriented in the E-W direction
Highwaﬁi 558 25 25 None Dry Nene €. 039
hignwall 558 £ 20 Kene bry None 2,554
Highwall a5 5 i2 None Dy None 4272
Highwall 550 ] &g i bry None 2,034
Hignwall S5¢ £9 20 i Dry None £, 550
Highwall 558 &5 12 i Dry Kone 4,271
Highwall 55 23 2% i W. pressure None 1. 948
Highwall 5 &3 cl i Wi pressure None 2477
Hignwail 55% &5 i 1 W pressure None 4,237
Hibhwall o0® 23 23 None Dry None 0901
Hignwail gut 25 20 fone Dry None 113
Hiohwall B0¢ K 12 Non Dry None 1. 5302
Hignwail &0¢ e P 3 Dry Nane 0.89
righwall B® 23 20 3 Dry Nene i.122
hgnwall O &a & 3 bry None 1.894
nionwall e &3 25 3 W. pressure None . 737
nipnWali Bl 25 20 3 W. pressure Hone 0575
Hignwail &0® &5 iz 3 W. pressure None 1.773
Woriing 70¢ e i Nome Dry None G, 812
pench 708 i 8 None firy None 1.229
: 708 ie 4 None Dry None 2.48
# At {2 12 2 Dry None 0,785
" i i ] 1 Bry None 1,185
* 740 12 4 2 . pressure Nore 0,657
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CHAPTER 11

CONCLUSIONS AND RECOMMENDATIONS

sed on the results of geological, geotechnical and

hydrogeoclogical investigations, back analyses and design

considerations following conclusions can be derived for the

Eskihisar strip coal mine :

1.

An integrated approach was developed for stability

analysis and design of slopes.

The relationship between the orientation of
structural pattern and configuration of slopes in

different parts of the open pit plays a major role

on the stability of slopes.

The coal =seam acts as the principal aquifer. The
drawdown pattern directed towards compact marl/coal
seam boundary indicate a steady =eepage condition,

which is considered in the stability analyses.

Direct recharge through moderately spaced joints in

the carbonate and clay rich overburden rocks has

- considerable adverse effects on the discontinuity

shear strength parameters. This effect may locally

be important even when the slope is dry.

On the basis of normal stress levels anticipated in
the pit, use of shear strength parameters derived

from linear Coulomb relationship for the design of
slopes will not cause any noticeable departure from

in~sgitu conditions.

The shear strength of the basal failure plane, that
is the weak black clay bed appearing along the basin

margine, is significantly important in determining
overall stability of sidewallsz than the strength of

bedding planes in the hangingwall.
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10.

The Hoek - Brown empirical strength criterion in
conjunction with rock mass classification offers an
alternative means of estimating rock mass strength
from the examination of borehole cores and surface
exposures, coupled with simple field or laboratory
tests. If the assessments are based on the correct
measurements a close agreement between the analysis

and existing stability conditions can be achieved.

Majority of ratings derived from Bieniawski’s (1989)
RMR system and modified RMR system for stratified
and clay bearing rock masses proposed by Unal and
Ozkan (1990) show close agreement. However, below
the rating wvalue of 40 modified values show
noticeable variation and wider band of RMR values.
Modified RMR system seewms as a better tool for
describing the specifications of weak and very weak
classes of stratified and clay-bearing rock masses.
But, in modified RMR system joint orientation index
is lower and this parameﬁer is not clearly defined
in Bieniawski’s system for slopes. Thus, joint
orientation index proposed by Singh and Gahrooee
(1989) provides better and wmore clear definition for

slope stability evaluations.

As experienced in many strip coal wines in the
different parts of the world, wmajority of the
failures occurred in hangingwall and footwall
materials at Eskihisar open pit can be explained by
the wmwodes of multiplanar and plane shear failures.
However, retrogressive mass failures developing
along circular slip surfaces are valid for the soil

materials encountered in the pit.
In wultiplanar failure wmode, vhich controls the
stability around the faulted blocks, faults cut by

parallel or oblique =slopes act as rear release
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11.

12.

13.

14.

surfaces and <failure occurs along the fault and
adversely dipping bedding planes resulting in
discrete block. The zone of failure may extend for a
considerable horizontal distance back from the toe,
depending on the inclination of basal bedding plane

and the distance between the fault and the toe.

In the case of multiplanar failure the stability is
sensitive to changes in the length of the lower
part of the basal sliding surface, toe

configuration, and shear strength.

In order to improve the overall stability against
multiplanar failure, leaving wmore buttress of
unblasted rock resulting in an increase in the
length of gently or horizontally dipping portion of
the sliding surface is the better remedial wmeasure

than slope flattening.

Residual shear strength in terms of conventional
linear relationship is wmore representative for
various types of smooth-planar and clay coated
discontinuities and soil materials than their peak
strength for designing of slopes at Eskihisar open
pit. This result supports the argument that
residual shear strengths may be used when high clay
material is involved in a slope stability study. it
may also be concluded that laboratory derived shear
strength parameters of similar materials can be
considered as a first approximation for the
preliminary or prefeasibility stage of open pit

coal mine design.
Temporary spoil piling near the crest of highwalls

may contribute to development of a complex, shallow

seated but controllable failures which occur with
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15.

16.

17.

18.

the combination of failure along discontinuities

and through the rock mass.

From the stability >point of view, there is no
reason to change the bench height, which were fixed
as 10 m or 14 m in the overburden. But, due to
retrogressive nature of the failure experienced in
the transition =zone, bench heights should not

exceed 7 m.

Designing the slopes within weak rocks and soils
lacking adverse structural features with an overall
slope angle of 45°, as conventionally preferred for
most wine slopes in Turkish mines, may drastically
result in mass failures. The stability assessments
suggest that in such materials sidewall slopes are
marginally stable against circular failures for
factor of safety of 1.3 if the designing of the
slopes is based on the stability conditions of

dominant rock type.

In order to minimize excavation and to provide
steep slopes, it was hoped to cut the rock at
sidewalls in both west and east at about 38°.
However, as a result of sensitivity analyses a
maximum overall slope angle ranging between 30 to

329 seems more suitable.

The results of stability analysis indicate that
there is no reason to change the highwall geometry
currently practiced in the pit. It should also be
emphasized that existing N-S oriented slices
provide adequate stability conditions. On the
contrary, if their directions are changed to E-W,
considerable decrease in the stability resulting in

multiplanar shear failure will be possible.
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19.

20.

Possible wvedges are limited to benches and
highwalls only. These are small-scale shallow
seated wedges developing by the combination of
faults and Jjoints. However, on the basis of
persistence data of joints  and in-situ
observations, the possibility of wedge failures is
low, but a few controllable wedges can be expected
if the walls are designed parallel to E-W direction
after heavy precipitation resulting in hydrostatic

pressure built-up.

In +this study, similar failure modes and material
behaviours, as reported for open pit coal wmines
abroad, were examined. On the other hand, the study
emphasizingly indicated that the initial design by
TKI should be revised to improve the stability for
further development of the pit.

For future researches and safe mining operations in the

Eskihisar strip coal mine the following recommendations can

be made

1.

Higher normwal loads than anticipated in-situ, which
cause dgreater damage on discontinuity surfaces
particularly in weak and clay bearing rocks, result

in lower determined internal friction angle and
conservative design. For this reason to achieve the
requirements of ISRM’s test procedure using the
shear box developed for soil testing having strain
control facility and residual wmeasurements even

under lovwest normal loads are recommended.

Modified RMR system, with some modifications
required for slopes, seems to be reliable and
descriptive for weak stratified rocks. Similar
studies may also be conducted in open pit wmine

slopes constructed in clay-bearing,and stratified

279



weak rocks., These studies may lead to more
generalized results about the applicability of this
clagssification to slope stability problems

experienced in weak or very weak rock masses.

Paying close attention to probable departures from
anticipated conditions during the advancement of the
pit and vuncertainties from seismic risk, on the
basis of worldwide experiences, it 1is recommended
that for designing marginally stable slopes at
Eskihisar open pit, factors of safety ranging
between 1.3 and 1.5 should be selected depending on
the importance of the slope under consideration. For
the purpose, the graphs given for the variations in
factor of safety with various design parameters

should be employed.

Congidering the long-term service life of the state
highway, initial toe configuration of the southeast
sidewalls should be shifted a few ten meters
forward, to north. In addition, the void resulted

from the previous strip should be filled as soon as

possible.
In order to improve highwall stability, orientation
of slices in the N-S direction should  not be

changed. However, the last stage of stripping, which
involves removal of twentysixth slice in the west,
will result in a very long and unsupported
excavation along the west sidewall where weak basal
plane will expose. For +this reason, it is
recommended as a remedial measure that stripping may
be carried out by operating dragline to the end of
twentyfourth slice in the N-S direction and then the
overburden between the west sidevwall and the
unexcavated last +two slices may be removed by

excavators operating in the E-W direction with the
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10.

construction of small benches. This application will
result in a narrow unsupported excavation, which
can be filled as soon as possible, and provides the
control of sidewall stability. This procedure is

also suggested for east sidewalls in the northeast.

Operating distance of the dragline to highwall crest

should not exceed 12 m.

Preventing dinfiltration by installing sealed
interception ditches behind the slope crest and back
filling of the tension cracks are recommended where

possible.

For seismic design decisions peak horizontal ground
accelerations caused by blasting should be

determined through suitably located seismographs.

Construction of convex slopes should be avoided.

Some of the future observations needed to improve
knowledge and increase in mining efficiency should

include the followings:

a. bGeolaogical and gectechnical development work
should be continued, particularly for the west
and east gidewalls along the basin wmargins by
drilling closely spaced and fully cored
boreholes planned along the lines vertical to

sidevwalls.
b. Additional studies for groundwater level moni-
toring in virgin areas and around major faults

should be planned.

c. Instabilities should be monitored employing

available equipment to provide valuable
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information for further design requirement or

revisions and remedial measures.

A database compiling past and future insta-
bilities, which is an important deficiency in

most wmines, should be prepared.
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Table A.2: Results of X-ray diffraction analyses of
soil samples taken from Eskihisar area

Specisen Foraatien or
No. lithological name #inerals in tne order of abundance
11 (LB Fauit nouce Iliite,s few ampunt of mantzoriilonite,
kaslinite, caleite, quartv, araganite,
delesite, orystobalite and very few a-
lunite (7).

12 {LBE) Fauit gouge Monteorillonite, illite, kaclinite,do-
lozife, aragonite, calcite, very few
guartz and feldspar.

13 (LBz0) Fault gouge Aragonite, a few illite, fewer calcite.

14 Fault gouge Yontzorillonite, kaolinite, iliife,

caleite and a few azount of guartz
and aragenite and very few Teldspar.

15 {LB12} Fault gouge ¥ontzorillonite, kaolinite, iliite,
zragenite, caleite, guartz and very
few feldspar.

16 (LBE! Faalt couge Iilite, sontmorilicnite, fewer amo-
unt of kaelinite, dolaeaits, calcite,
aragonits, cuartz and very few fele-

spar,

17 Fault gauge Montsurillonite, & few agpunt of il-
lite, kaolinite, calcite and very few
auarta,

110 (LB23)  Fault gouge Iilite, kaclinite, montmorillomite,
guartz, fewer feldspar. ,

712 (L835)  Fault gouge Montacrillionite, a few amsunt of il-

iite, kaclinite, guartz, anc very
few feldspar,

28 {LB2l) Tgs2 1ilite, La-sontsorillonite, kaolinite,
fewer guartz and awscovite, very few
feldspar,

LBZE Tasd “"*+aur11 ani e, 11 f2, kaclinite,

faplinite, a
> calcite, vevy
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Table B.1l: Results of the Schmidt hammer tests on non-planar
bedding surfaces developed in the limestone of

detritic facies.

Test Mean from 10 Unit Joint roughness

No. sets of readings weight coefficient
(kN/m3) JRC
1 47.6 25.6 6-8
2 44, 2 25. 4 6-8
3 46.0 24.9 6-8
4 44.2 24.1 6-8
5 43. 2 24.7 6-8
6 46. 4 24.8 6-8
7 42. 8 22.7 4-6
8 36.8 24.7 6-8
9 35.6 24.0 6-8
10 35.4 24.8 6-8
11 41.0 25.3 4-6
i2 32.0 26.0 6-8
13 47.0 26.5 6-8
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‘able B.2.1: Summary of Atterberg Limit tests and grain
size distribution analyses

Grain size distribution Hoisture ftterberg Linits Unifiad Soil
bagpie Lithalegy or Gravel band 5ilt {iay  Content (W) Ll FL Pl (lassification
Ne. Foraation {4} {%) {4} (%} (%) {#} {%) {£) Group Syabol

LB1 Fault gouge -~ 12 7 17 &7 76 49 27 #i-0H
LB # L e 44 B2 38 24 WH-CH
LBg " * 7 73 0¥ - Non-plastic 4
LB7 " 8 i - 42 20 2 oL
LB3 “ “ 10 76 14 - 82 45 37 MH-CH
LE12 " i o en 5t a7 28 g e
LBE0 u u 9 2 unt* - Non-plastic S
LBz3 # " ———— 8 70 3 33 CH
LB2S * * - 15 74 1 16 108 51 55 MH-0H
LB3E . : e - Ba 3 53 CH
7 . * e e = 34 19 15 CL
14 y " e~~~ - &3 k 0A Hr-0H

T/ Claystone SR ' -— 2 oA L
Tee O —— - B R % WH-0H
ITa/e e — — - B0 34 o5 MiH-OH

LR Turgut forzation == 2 £5 33 19 £3 30 33 £H
LB # A BSSS i = 76 46 it ¥H-0H
tez ) ; = L T - Nor-slastic o
LE44 ! & - Z £8 i i X &2 i4 oL
LB4E ! o e P 87 i 4}
LBE ‘ s - 1 I T - i i g2
23 g:¥ - Nen-plastis
Transitien zone -= is PSR, 21 3 37 a2 #r-Gd
2 ok 44 8 o H 2 iE
’ 8 - (2] 35 3 - e
= - i3 75 £ & oé 34 23
8 - £ at 3 i3 77 4 43
¢ - i3 FEL I EE] &9 K
* - i3 FA K]
' ¥ : ] il 5 -
- 50 25 & -
! # - =7 i E . e
Y zrcentage of fine graimes zaterial {silf ano clays are given togetner
T Claystone in the uzoer alfermation 3f zaln Zskidy foroation
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Table B.2.2: Coefficient of uniformity and curvature for

sand sized samples

Sample Do Do Dga Ly Lo Grading Seil Material
Na. (mn) {(#a) {zm) {un} {mm)
LB . 004 0. 16 0,61 152.5 10,3 Poorly graded  Fault material
LB20 0.01 0.175 0.61 61.0 5.0 £ ' ! 4
LB3Z 0,012 0. 067 0.15 2.8 2.5 Well graded Turgut forsation
1.B51 0,073 f.22 0.3 6.7 1.3 v ; ?
LB24 0.0038 0,03 0.1 26,3 2.4 ; ! Transition zome
LB41 0,006 0,047 0,05 14,5 3,95 Poorly graded # .
LB42 0. 007 0.03 012 1.1 1.1 Well graded ! '
LB42 00025 0,083 0.1 44,0 &3 ¥ . ! "
! _ -
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Table B.3: Summary of slake durability test results of marl

Borehole Sample Interval Slake durability
No. No. index (Ig4p)
(m) (%)
JT2 20 22.65-23. 395 96. 69
JT3 3 5.3 - 5.7 93. 30
JT3 22 33.65-33.90 93. 80
JT7 3 22.30-22.80 89.75
JT9 39+40 92.85-93. 65 94. 24
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Table B.4: Intact rock shear strength data obtained
from triaxial tests

Shear strength

Stress at fallure parageters
Borehele  Speciaen Rock
or block NG. Lateral fnial unit
No. a3 74 ¢ ]
{tfpa} {Mma) {M=a)  {degree)
J13 i ! .2 SANDSTONE, soderately
1241 2 10.08 weathered,
12/2 3 12,03 0.6 42
13 10/1 t 9,30
14/2 1.5 11,36 . 4
3 2 14,05 1.0 42
J15 13/1 1 8.97
1372 1.3 11.48 * *
1373 g 14,04 &9 42,5
J13 i/ i 20, CANDSTONE, well
gz 1.5 33.43 cezented,
8/3 b 353.19 2.5 64 unweathered,
LB34 {7 1 25.74
{Block) Ca 3 41,359 i *
{1 4 &9, 80 £.3 4
LB34 L2 i 21,82
{Block) Cit 2 2B 35 * "
(e} ] 43,55 375 44
LB34 81 i 153. 48
{Block) B2 2 213 ! "
BS & 6. 62 5.1 35
J19 & H 11.83 SANDSTONE, slightly
ib 1.5 15.43 weathered, sedium
7 2 20, 00 .3 o4 hard,
379 15/ i 12,89
157¢ 1.5 15,02 " ¥
1342 2 23. 58 4.8 5a
19 ) i 9,53
{ B34 %1 H 14,55 i )
LB3% £in 3 i1, 31 0,38 51
LB €5 i 15,87
(Bicok) B4 2 £3, 56 # "
Bb 3 30,03 .75 49
J7s /4 { 54,80 CONGLOMERATE, occasisnally
/3 2 70,00 lizonitized inciuding and
/3 3 80,45 4,5 60 szall cavities {Tsl)
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Table

B.4 (Continued)

Shear strength

Stress at failure parageters
Borehole  Specimen Rock
or block Nao, Lateral fxial unit
fNo. 3 0y c ]
{Wpa) {Hpa) {#pa)  {degree}
J75 4/1 i 32,00 CONGLOMERATE, occasionally
472 1.5 4. 00 ligonitized includiY? and
4/3 2 46,70 smail cavities (Tas
474 3 62.60 3.0 =8
JT3 1/3 H 42,60
172 2 &2, 30 " "
1/1 3 73.80 3.3 &1
JTS B/1 i 41.71 CONGLOMERRTE, wmoderately
B/ 2 43,54 weathered, inciuding a few
6/3 3 53.50 .3 49 small cavities
JTS 78/1 { 51,30 CONGLOMERATE, siightly weathe-
T8/3 2 S7.00 red, including ssall cavities
T8/2 3 86,20 3.0 48 and coarse rock fragments.
JTt 1/ i 22.00 LIMESTONE, moderately
1/3 2 31,00 weathered, fractured, including
11 3 41,00 2.0 54 swall cavities (Tusl)
LBS4 Al i 56. 00
{Block) A2 £ B4, 00 !
A3 3 72,30 7.3 )
JTe 14 i 7.1 HARL (Tms)
13 & 10,64
Z0R/ 1 3 13.74 1.6 29
JTe R/ i 10,90
e0B/1 z 13.65 oo
20B/2 3 16,00 2.6 26,5
JT3 1771 i 8.60
2elt é 10, 80 B
22/ 3 12,50 2.4 13
J13 2b/1 i 9.2
26/2 1.3 10,22 oo
26/3 2 11.30 2.6 19
JT3 29 i 8,50
20 g 13,70 oo
3172 3 17,00 .3 37
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Table B.4 (Continued)

Shear strength

Stress at failure paraseters
Borenole  Specisen Rock
or block No. Lateral Axial unit
No. 03 7y ¢ ]
(Mpa) {Hpa) {Mpa)  (degree)
J17 3/1 i 8,00 MARL (Tat)
3 1.5 9.77
I 40 2 13.20
he 3 15,14 1.3 33.4
I3 38 1 8.78
39/1 i 11.31 oo
33/2 3 14,80 2 o6
m 48174 i 11.66
4B1/2 2 13,14 BooE
4B1/3 3 14,33 3.8 16
LBS8 L i 12,93
{Block) C/a 2 13.96 8 u
£/9 3 15,74 3,75 18
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Table B.S5: Direct shear test data of natural

Sample
No.

LB18A
LB11B

LB18&B

LB18C
L.B18&D

LB1l1E

smooth-planar joints developed in
the main Sekkdy formation

Shear Strength

Normal stress Peak Residual
a Tp Tr
(kPa) (kPa) (kPa)

5.4 9.8 4.0
10.9 18. 2 8.4
20.2 24.4 20.4
25.7 27.0 20. 4
31.1 30.2 25.3
58. 3 ' 45.5 37.3
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Table B.6: Direct shear test data of smooth-planar bedding surfaces developed in the main Sekkdy formation

Test Set Sample Noraal Shear Strenpth Shear Strength Parameters ¥
Ne. No. Stress Peak  Residual Peak Residual
Description of the rock unit
¢ n Tp Cy 2y r Cp 3 r and bedding surface
(kPa) {kPa) {kPa) {kPa) (%) (kPa) (%)

1 LB3/A2 41.9 48,8 20.9 17.9 42.1 i 5.2 £5. & i Brayish olive {10Y 4/2), thinly
A3 82.8 100.8 0.1 bedded MARL; smooth-planar and
A4 164.7 167.¢ a2.8 very thinly clay coated surface
B4 24b.4 231 icl.6

g LB4/A2 41.9 44,0 30.0 23.3 30.6 i 19.3 28.7 0.97 Grayish yellow (SY 8/4), thinly
Al 82.8 77.5 72.2 bedded MARL; smooth-planar and
D3 i64.7 ieo. 2 14,4 thinly clay coated surface
A3 246. 4 168.0 146.0

3 LBa/AZ 41,9 351 20.0 6.2 39,5 0.99 2.0 g1.5 0.96 fale olive (10Y &/2) thinly to
A3 8z.8 .1 39.9 aoderately bedded MARL;
J1 164,7 159.3 107.9 e saooth-planar and very thinly
J2 246. 4 153.6 119.4 clay coated surface

4 LB3/A1 41,9 73.1 17.2 18.6 #1,8 0.99 3.6 29.9 0.98 Grayish olive (10Y &/2), thinly
A2 8c.8 85.0 S4.1 bedded MARL; smooth-planar and
Bt 164,7 1522 113.4 clay coated surface
B4 24b. & 230.6 162. 4
BS 328.1 325.6 177.9

5 LB13/A1 41.9 3.3 20.9 16.7 32.9 0.93 3.3 24.9 0.98 Brayish olive {10Y 4/2), thinly
Az 8.8 76.9 44.8 bedded MARL; sacoth-planar and
A3 164,7 136.9 71.5 thinly clay coated surface
A3 246, 4 168.6 137.5
A6 328.1 2e1.9 146, 1

6 LB19/B4 41,9 35,5 ¢3.5 3.9 33,4 0.99 25.7 19.9 .95 Moderate olive brown (5Y 4/4),
BS gc.8 97.3 63.8 thinly bedded MARL; saceth-planar
B2 164.7 145.7 101.7 and thinly clay coated surface
B3 246, & 2ih.6 13.4
Bi 3c8.1 c59. 4 133.5

7 LB38/nt 41.9 42,6 25. 4 25.9 33.5 0.99 23.5 0.4 0.97 Moderately olive brown (3Y 4/4),
A2 82,8 87.¢ ba.c thinly bedded MARL; srooth-planar,
A4 164.7 48,2 9.7 a few clay coated surface
A5 24b. 4 181. 4 107.3
fb 3e8.1 41,7 144, 3

8 LB14/A1 41,9 79.7 26,0 3.3 4,1 0.93 4.9 33.9 0.99 Hoderate olive brown (SY &4/4),
83 1100 105.7 2.2 hard, compact MARL; smooth-planar
B 164.7 i64.1 123. 3 and very thinly clay ceated surface
Dt ¢i3.2 1683.4 152.6
Bz 246, 4 194.7 172.6
D2 328.1 246, 1 219.1

% GShear strength paraseters, cohesion (c) and internal friction angle {#) are based on linear regression analysis

r Coefficient of correlation
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Table B.7: Direct shear test data of artificial discontinuities

prepared from limestones (Tms1)

Sample Norgal Shear
No. stress  strength Description
g T
{kPa) {kPa)
LB34/C1 58,3 44,4 Yery pale orange
el 83.6 42,0 coarse crystallized
£3 12,8 71.0 {10YR 8/2) LIMESTONE
C4 i67.2 117.6 with gccasional very
£3 el g 149.6 swall cavities.
L& 276, 4 178.3

Table B.8: Direct shear test data of bedding surfaces

with small asperities developed in the

limestone of detritic facies

Sampie Normal

No. siress

Shear Strength

Peak Residual - Description
v Tg Tp
(kFa) {kPa) {kPa)
LB47/D 5.0 i1 1.4 Grayish yellow
£ 20,3 24,0 8,2  {5Y 8/4), clightly
S U] 30,4 24,0 fractured, occasio-
Al 4L5 394 27.2  naly including very
o 50,3 44,8 3e.2  small cavities
B 86,0 106. 1 &1.2  LIMESTONE; slightly
E 1511 170, 3 92.9  rough and clay-limonite
A 200.6 180.3 ilg.2  coated bedding surface,
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Table B.9: Direct shear test data-fault gouge

Test Set

No.

Saaple

Ne.

LBigC/t
L2
B

LB36/D
A1
Az

LB35/A1
A
R4

LB23/D2
Ce
1)1

LBE/R
El
5
b2

LR20/B1
B2

]
LBe/A2

Al
B

Norsal

Stress

(kPa)

38.3
112.8

2el.7

Shear Strength

Shear Strength Parazeters

*

Feait Residual Peak Residual
Tp T cp‘ @p‘ r oy g, r
{kFa) {kPa) (kPa) (%) {kPa) {9
8.2 20,0 25,3 14.2 0,38 i3 12. 4 0.36
80,3 42,6
84,1 58,0
49,3 8. 4 4.5 3.4 .93 {6 255 0.93
g3, { 57.2 '
115.8 80.3
1.9 23.1 4,9 gi¢g 0.59 3.7 17.3 (.99
11.9 51.3
106.1 67.2
40,2 30.0 20.2  30.5 0.33 {5.6 17.6 0.98
108,.3 57.6
143.7 84,0
56.8 7.8 14.4 4.6 i 0.0 224 .38
9. 4 £7.3
92,0 38.5
167.2 92,9
75.3 40,8 3.0 5i.4 i 4,2 3.6 i
180.6 71.2
283.6 145.5
83.3 3.5 4.6 42,1 0.98 2.2 258.3 0,38
125.6 g1.¢
203.6 155.6

Soil Description

Fale olive {(3Y 6/3), homcgenous,
higly plastic Ciay {(CH)

Fale yellow (3Y 7/31, sticky,
piastic, soft CLAY {CH)

Olive (5Y 3/4), soft, highly
plastic, inciuding erganic
satter, clayey SILT (MH-TH)

{live gray (5Y 5/2), homogenous,
gedium to high plasticity
clayey BILT (MH-TH)

{tlive {3Y 5/4), howmogenous,
highly plastie, claysy
SILT (WH-OH)

Olive (QY 5/3), silty and clayey
fine SAND (BM) with 2 few fine
rock fragaents

Pale olive (3Y 6/3}, silty and
clayey fine SAND {5M)} with a
few fine rock fracaents

¥ Effective shear strength paraseters are determined from linear regression analyses

r Coefficient of correlation
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Table B.10: Direct

Sample Normal
Na. Stress
g
{kPa)

shear test data-soil materials

Shear Strength Shear Strength Parameters ¥

{a) Clay in sain Sekkdy forsation:

JT8/2R 38.3
2B 112.8
eC 167, 2
)] cel.7?
JTe/en 58.3
B 112.8
2C 167.2
eb a2l 7

{b) Seils af transition zone:

LB33/R 20,3
L1 33.9
&2 44,7
LBet/al 41.9
fiz 82.9
b 164.7
F 246, 4
LBZ2/A 2.3
Bl 33,9
B2 35.6
B3 82,8

{c.1) Soils of Turgut forsation (finest portiom)

LE30/A1 41.9
A2 8z.8
A3 164.7
A4 273.6
LB44/C1 41.9
o2 8z.8
Ai {04, 7
A2 273.b

{c.2) Black clay (Turgut forsation-siiding surface ) :

LB48/A 20. 3
B 39.4
b 38.3
£ 77.3

Peak Residual Feak Residual
Tp T eg' 8, r op! 8. r
{kPa) {kPa} {kPa} {*) {kPa) {?)
39.5 6.3 15.53 2286 0.99 8.43 14,14  0.95
£0.8 35.8
92.4 43,1
103.5 83.6
40,0 28.1 15. 86 22,77 0.9 8.08 14,41 0.9
62.0 34,3
90,3 42,3
106. 4 73.9
95.0 10.4 £0.23 22,06 0.99 4,56 16,60  0.39
66,0 15.0
89.1 210
58,5 1.6 57.07 23,37 0.91 0.0 23.81 0.93
109.8 42.6
154, 4 56.8
159.7 {i5.3
6.1 1.7 37, 3¢ 2360 0,99 11.488 13.80 0,97
&8.7 24.9
78.7 33.9
89.4 40,4
71.3 15.9 56.86 19.63 0.99 2.6 14,20  0.99
87.¢ 24,1
115. 4 2.6
189, 3 80.6
46,1 24.8 22,22 3i.64  0.99 4,18 24,28 0.99
74,7 3b.8
126.3 83.2
183.4 186.0
17.7 6.3 7.59 24,71 0.98 0.0 i7.21 i
231 {14
37.3 17.8
42,2 24,0

Soil Description

Pale plive (5Y 6/3), plastic CLAY

Pale olive (3Y &/3), plastic CLAY

Dark gray (5Y 4/1), micaceous,
plastic clayey elastic SILT

Dlive gray (3Y 5/2), plastic,
sandy, clayey SILT

Dlive gray (5Y 5/2), low
plasticity, clayey sandy SILT

Dark gray (3Y 4/1), highly
plastic silty CLAY

Yery dark gray (3Y 3/1), low
plasticty clayey SILT

Yery dark gray (5Y 3/1), highly
plastic CLHY

* Effective shear strength paraseters are determined from linear regression analyses

r Coefficient of correlation
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APPENDIX C

Rock Mass Classification Sysiems



Table C.1: The Rock Mass Rating System (Geomechanics
Classification of Rock Masses)@

A.k‘Lmn‘xalma paramctcrs and thar ralings

PARAMETER RANGES OF VALUES
- FQr this Iow cange
Strength Qint-10ad > 10 MPa - 10 MPa 2-4MPa 1-2MPa - ufaxiat Compres-
of steength index sive test s preferred
1 Bl 4o 250 MP, 00 - 250 WP 50 - 100 MP! 2550 WP viel ol
g > a - - ] - s
maletial | suengin ’ . MPa | MPa | MPa
Rating 5 12 7 4 2 1 0
Ot core quatity RGD 0% - 100 T5% - 0% 50w - 75% 2% - 50 <2
2 A
Raung « 7 13 8 a
Spaciig of isconunuILes »2m 06-2m 200 - 600 mm 60 -200 mm - 60 mm
! Raling 2 15 10 8 5
Very raugh surtaces ﬁsnmujtd surlaces R
zm c(?nh:!‘\:o:l " 1 Sughtly rough surtaces.| Shghtly rough surtacas Gouge < § mm thick Soft qo“g'o’hs mm thick|
Canaihon of discontinuties NO swperaticn Separaiion < 1 mm Supantion <1 mm | op ‘_ ~ § mm
Shghtiy wairs| Highiy waliy S 1-§ mmn. '
4 Unweathered will (oCk. 'Cantmuous Coninous
Fatng 0 25 2 10 [}
intio 0 m <0 10-25 25-128 > 125
r:.:nrmtpfongm None hiresmin intres/mun litres/oun :
G T waiel OR OR o OR OR
found 1 >
ater Ralo ;2‘;’;‘:‘“’ — [} 0.0-0.1 0.1-0.2 0205 > 05
] L~ F 1Y OR OR OR OR
Generai CONaNQns Compietety dry Camp Waet Otpping Fiawing
Aanng \H) 0 7 . [
B « Raling adjustment for disconunuity oncatations
Stke ang dip Very T Very
oneatatons of jgints Qvoursbie Favouravie Fau Unlavourapie untavourabie
Tunnaly [} -2 -5 -0 -12
Raungy Founastons [ -2 7 -15 25
Siopes [} -4 -25 -50 -0
C.RM masy claxses delermuned from 1olal ratiogs
Aatng 10081 [ 2g 3 60wt 4037 <
Ciass No ) " L v v
Descapuon Very guodt rock Gaood rock Fairrock Poor rack Very puoriock
D. Meaning of rock mass classes
Ciass No i i i tv v
Aveiage siand-up b« 13yearstor 5mspan | Gmonihsfors mapan 1weex for 5mspan 10hoursfor 2.5 mspan | S0minuteslor 1 mspan
Cohesion al e (Ock mass > 40 kPa 300 - 400 kPg 200 - 300 kPa 100 - 200 kP < 100 kPa
Friton angie of the (Ock mass < 45 5% - a5t 25° - 35¢ 15° - 200 < 15
E. Rating adjustment for joint ornientation.
Juint No mode of One possible mode  Onemode of . Two raode of Several mode
Orientation failure failure failure failures of failures
Ruting 0 -5 -25 -50 -60

=. Assessment of discontinuity conditions in coal mines for the Geomechanics Classification (RMR)c

Scparation of None Hairlipe - < lmm 1-5mm > Smm
bedding

Roughness of Very rough  Rough Smooth Slickensided Shickensided
surfuces

Weathering of Fresh, bard  Slightly Highly Highly Compleiely
surfaces weuthered weaihered weathered weathered

Infilling (gouge) None None - - Minorclay  Suff clay, Soft clay,

gouge gouge*
Continuity All bedding plancs continuous ucross entry
Rating 30 25 20 10 0

3 After Bieniawski (1989)
b After Singh and Gahrooee (1989)
€ After Bieniawski (1984)
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ible C.2.: Modified RMR System for clay-bearing and stratified rock
Ozkan, 1990)

masses (after Unal and

Table C.2.1: Intervals and ratings

for "spacing", "ground-
water” and "joint ori-

entation" index

| ! T 1.t
3 t 1 -
Gerawril (98911 & A
0" e T a4
T T Ricamsol®
-
o 9
3 7 Z
3 A 1
5 /// ]
7
A
MW/
V] ]
[ i i
o] W 80 120 KO 200 220
Uniaxial Compressive Strength ~ MPa
Ratings for strength of intact rack.
20
|t
8 7
18 R 2270473 RGO L2y
4 B VA ¢
o 12 <t
0 LT Bemoma (13091
28 =
e L
Pt
MV
2
[}
o o] 40 &0 80 [e 0]
RQD-%
Ratings for RQD.
L L T 1
18 A | IN=C e
“ T oar
6 /"/ ‘]'Tn-uu. —]
Pl [
4 Pl ¥
12 [0 e Bi J {1989}
VA
g o7
g ot
Fy/a
'y
2
Q
[} 000 2000 3000 €000 5000 €000
Spacing of Discontinuites - mm
Ratings for discontinuity Spacing.

SPACING INDEX (5l
CONDITION BATING .
Sand i
Clay + Gravel 2
SF L 20 m 3
2048 (B0 m 3
60 £ 5P ( 200 sw il
200 £ 5P ( 600 sx 10
800 £ 5P ( 2000 ww ia
2000 4 8P ( 8000 ua 18
58 2 6000 e 20
GROUNDWATER INDEX (WI)
CONDITION RATING
Completely dry 13
Danp 10
Wet 7
Dripping 4
Flowing 0
JOINT ORIENTATION INDEX (0D
CONDITION RATING
Intact Core Recovery (ICR) (5 % -12
S%LICR (15 % -10
154 5 ICR (25 % -8
ICR 2 25 % -5

Rating for "uniaxial compressive
strength", "R@D" and "disconti-
nuity spacing” employed in RMR

and modified RMR systems.
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Table C.2.2:

Intervals and ratings for

"joint condition"

JOINT CONDITIGN INDEX (CD)

PRRAMETER

1. WEATHERING “A®

1. ROUGHNESS "P*

111, CONTINUITY "y®

IV, RPERTURE 1%

¥, FILLING "D"

———

{5
‘ E:(Sll

CONDITION
Unweathered

Slightly weathered
Moderately weathered
Highly weathered

Very highly weathered

Deceoaposed
—— Yery rough

o Rough

lindulating — Slightly rough
. Smooth
— Slickensided
—— Very rough
L Rounh

Planar - Slightly rough
| Beooth
L Blickensided

Very low

Low

Medius

High

Very high

0.0 - 0,01 ua

0.01 -1,0 »8

LO-50m

}5ome

None

0-1m

-~ 5 wn (Boft)
1 -3 »» {Hard)
(Soft}
{Hard)

RATING

E e S Y - =

[ LA I o = p = = <o

-

L)

e gL SN I

o
<soLn

L=l O T N
Lanl)

The modified RMR values are obtained from the following equation:
[(g + R@D + JC) Fgl + SI + WI - OI

Rating for uniaxial compressive strength
Coefficient for slake durability index

RMRy, =
where,

Jo @

Fao ¢

JC : A+ P +

A, P, Y,

(Y = Z + D)
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APPENDIX D.1

PLANE FATILURE ANALYSIS

Slope failures in which sliding occurs down a single
planar surface are the most simple type to analyse using
limiting equilibrium technique and have been treated in a
number of publication and text, e.g., Hoek and Bray, 1977;
Major, et. al., 1977; Stimpson, 1979. In order that sliding
should occur on a single plane, the following geometrical
conditions must be satisfied (Hoek and Bray, 1977; Stimpson,
1979):

a. The plane on wvwhich sliding occurs must strike

parallel or nearly parallel (within approximately
* 20°) to the slope face. If a tension crack is
present, it 1s assumed to be parallel to the slope

crest and vertical (Figure D.1).

b. The failure plane must "daylight" in the slope
face. This means that its dip must be smaller than

the dip of the slope face.

c. The dip of the failure plane must be grater than the

angle of friction of this plane,
d. Release surface which provides negligible resistance

to sliding must be present in the rock mass +to

define the lateral boundaries of the slide.
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In analysing two dimensional slope problems, it is
usual to consider a slice of unit thickness taken at right
angles to the slope face. This means that the area of +the
sliding surface can be represented by the length of gurface
visible on a vertical section through the slope and the
volume of the sliding block is represented by the length A

in Figure D. 1. a.

The geometry of the slope considered in this analysis
is defined in Figure D.1l. Note that three cases is

considered:

a. A slope having a tension crack in its upper surface

(Figure D.1l.a).

b. A slope with a tension crack in its face (Figure

D.1.b).

c. A slope with non-linear phreatic surface and tension

crack or no tension crack (Figure D.l.c).

The groundwater pressure distributions for the cases
considered are as shown in Figure D.1. The factor of safety,
given by the total force resisting sliding to the total

force tending to induce sliding, is

cA + (W CoslYp - u - V Sinljy) Tand
F o= (1)
W Siny, + V Coslp

If +the seismic acceleration, «, due to the earthquake
or blasting is taken into consideration equation 1 can be

written as
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cA + [W (CosY, - a SinYp) - u - V Siny,l Tand
F = (2)
W(Siny 5 + « Coslfy) + V Coslyy

where, from Figure D.1 :

A= (H - =2 Cosecpp (3)
= % Yy - zZy(H - z)Coschp (4)
Vo=%Y, . 2%y (5)

for tension crack in the upper slope surface (Figure D.1.a)
W = %YH® {[1 - (z/H)?] Coty, - Cotls} (6)

and, for the tension crack in the slope face (Figure D.1l.b)
W = %YH?* [(1 - z/H)? Cotll,lp (Cotyp Tanys - 1 (7)
For a =slope with a phreatic surface and no tension

crack (Figure D.1l.c), equation 2 reduces to,

cA + [W (Cost’lp -« Sinyp) - ul Tand
F = : (8)
W(Sinyy + « Cosyp) |

where,
u = %Y, . H, Cosecy, (9

The simpler pore pressure equation (9) given above vere
modified for various cases involving combination of non-
linear phreatic surface and different tension crack
positions by incorporating the slice definition in the
computer program MBPF developed by the author (Appendix
E.3).
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APPENDIX D. 2

MULTIPLANAR SHEAR FAILURE ANALYSIS

Figure D.2: Free-body diagram for three blocks
{After Huang, 1983).

Figure D.2 is the free-body diagram showing the forces
on each block. There are total six unknowns (Pj, Pp, Ny, Nj,
and the factor of safety, F), which can be solved by six

equilibrium equations, two for each block.
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For the bottom block (block 1) summing all forces in

the vertical directions
Wy+P; Sin@g4-N; Cos@,-r, Wj; Cos?28,-T; Sin8;=0 (1)
in which @4 = Tan"! [(Tan®)/F1 is the angle of internal
friction of two blocks and T; is the shear force on failure
plane at bottom, which can be expressed as

Ty = (cyly + Ny Tan®y)/F (2)
Summing all forces in the horizontal direction
PyCos@y+N;Sinf;+r,W15in0;Cos0,+CgW;-T1Cos81=0 (3)

From equations 1, 2 and 3

N1=(Wl[COS$d~ruCOSGlCGS(@d“91)*CsSinQd]+[ClllSin(@d“el)]/F}/
{Cos(04-6,)-LTan®B;15in(@4-641)1/F} (4)

From equation 3
P1=(T;Cos831~N;5in6,1-ryW15in683Cos641-CgW1) /Cosldy (5

For the top block (block 2)

W2-P55in8y-NoCosbo-r ) WoCos2685~To8in68, = O (&)
To = (cplp + Np Tan@p)/F (7)
PpCos@y-NpSin6o-r WoCos8,5in65-CgWo+ToCosly = O (8)

From the equations 6, 7 and 8

No={wp(Cos8y-r;Cos8,Co8(04-82)-CSin@yl+cola(Sin(dy-685)1/
F}/{Cos(B4-82)-[Tan®Sin(@4-65)1/F} (9)
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From equation 8
P2=(§251n62~T2C0562+ruw2C036281n62+CSW2)/Cosﬁd (10)

for the middle block (block 3)

W+stin0d—Plsin0d—ﬁCose~ruWC052G—TSine = 0 (11)
T = (cl + N Tan@)/F (12)
-P2Cos0y+P1Cos884~NSin8-r;WCos85in8+TCos8-CgW=0 (13)

From Equations 11, 12 and 13

N={W(l-r,Cos? 6)+(P>-P31)5in@B4-(clSin8)/F1/
[Cos8+(Tan® Sin6)/F)] (14)

Equation 13 can be written as

Function (F)=(Pl—Pz)Cos@d—ﬁéine—ruWCosGSine*TCOSB—CSW=O
(15)

in which P3, Pp, T and N are a function of F and can be
determined from Equations 5, 10, 12 and 14, respectively. A
subroutine from the IBM 360 Scientific Subroutine Package
was used +to solve for F (International Business Machines

Corporation, 1970; in Huang, 1983).

Note: For more information reference should be made to Huang
(1983) and Chowdhury (1978).
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APPENDIX D.3

WEDGE FAILURE ANALYSIS

A mode of failure involving the sliding of a wedge on
two intersecting discontinuity planes is frequently
encountered in rock slopes. The method briefly summarized
hereunder includes an inclined vupper slope surface, a
tension crack running behind the slope crest and the
influence of water pressure in tension crack and along the
sliding surface. The stabilization of the slope by means of
cable anchors or rockbolts is also included in this
analytical method of analysis, which is proposed by Hoek and
Bray (1977).

The following assumptionsg are made:
a. The wedge remains in contact with both discon-
tinuity surfaces during sliding.

b. The influence of moments is neglected.

c. The shear strength of +the sliding surfaces is

defined by a linear relationship.

d. Sliding of the wedge is kinematically possible.

The factor of safety can be determined for the

following conditions:

a. A dry slope with no tension crack.
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b. A dry slope with the tension crack.

c. With the slope surface flooded with water which can

enter the top of the tension crack.

d. With an external force due to cable anchors or rock
bolts.

As an initial step of analysis the various planes which
bound the wedge (Figure D.3.1) are plotted as great circles
on the stereonet (Figure D.3,2) for the determination of dip
directions of 1lines of intersection. In other steps,
rigorous solutions by using various equations are required.
These steps and related equations are summarized as in the
form of a calculation table in Figure D.3.3. For derivation
of equations and further information, reference should be

made to Hoek and Bray (1977; App.1l).
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lane A
Plane B

Tension crack

Upper slope surface

:)
Slope face

Figure D.3.1:

Pictorial view of wedge prob-
lem to be analysed showing
numbering of intersection li-

neg (After Hoek and Bray, 1977).

Slope face

Figure D. 3. 2:

Great circle traces repregenting
planes defined in Figure D.3.1.
Intersection points of great
circles represent lines of inter-

gection of planes (After Hoek and
- 977)



Step 1:

intersection

Input data:

wl
Ga
b
ap
173
af

- dip
- dip
- dip
- dip
- dip
- dip

of plane A
direction of plane A
of plane B
direction of plane B

of slope face

direction of slope face

Vs

asg

Calculation:

o, = arctan

a; = arctan

a3 = arcean
a, = arctan
ag = arctan
ag = arctas
ay = arctan

- dip of upper slope surface

Calculation of dip directions of lines of

Fig. D.3.2

~ dip direction of upper slope surface

Tany,.Cosa,

Tantg.Sinag

Tany¢.Cosag
Tané,.Sina,

Tanyy,.Cosap, - Tanwg.Cosag
Taoyg.Sinag - Tanwb.sinuh}
Tany,.Cosag - Tanws.Cosas}
Tanyg.Sinag = Tanga.sinual
Tanyy.Cosap, = Tanyg.Cosag
Tanws.anas - Tanwb.sinnh}

Tanyy.Sinay,

Tanvg.Cosag

Tanyy.Cosay
Tany, ‘Sinua}

Tanvs.Cosas]

Tanys.anas

Tany,.Cosa,

TanV(-SinofI

Tanw(.Cosat)

{
{
{
{
{
{
{
{

Step 2 continued:

¥g = arctan (Tan $£.Cos (3p = ag))
L]
¥g ~ arctan (Tan yy.Cos (ap = ag))

arctan (Tan $3.Cos (ag = a3))

Vg = arctan (Tan yg.Cos {ag = agq))

Step 3:

Input data: from steps 1 and 2.

Calculalation :

8,3 = arccos (Cosyy.Cosyy.Cos (a) ~ a3) + Sing;.Siny,

95 = arccos (Cosy|.Cosys.Cos {a; = my) + Sinyy.Sinyg
974, = arccos  (Cosyp.Cosyy.Cos (ap — a,) * Singy.Siny,
8,5 w arccos  (Cosy,.Cosys.Cos (az - ag) + Siny,.Sinyg
934 = arccos (Cosyj3.Cosy,.Cos (a3 = ay) + Siny3.Sind,
(Cosy;.Coaps.Cos (a3 = ag) + Siny;.Singg
(Cosy3.Cosyy.Cos (az ~ az) + Sinyy.Siayy

(Cosyy,.Cosys.Cos (ay = as) + Sing,.Singg

835 = arccos
637 = arccos
8,5 = arccos
8,5 = arccos  (Cosy,.Conpg.Cos (ay, = ag) + Siny,.Sinyg
Y,g = arccas  (Cosy,.Cosyg.Cas (ay = ag) * Siny,.Sinug
85y ~ arccos (Cosys.Cosyy.Cos (ag = ay) + Sinyg.Siny,
85g = arccos (Cosyg.Cosyy.Cos (x5 = ag) + Sinys.Sindg
873 » arccos  ({Cospy.Cosyg.Cos (ay = ag) + Sinwy.Sinvg

Bgg = arccos (Cosyg.Cospq.Cos (ag = ag) + Sinyg.Sinyg

Tany-Sinag - Tany,.Sino,

ag = arctan Taayp.Cosayp - Tany[.Coaa‘
Tany¢.Sinag ~ Tanvb.ﬁinab

ag v arctan Tanyy.Cosag ~ Tanyp.Cosay
Tan,(.ana - Tanyg.Sinag

Step 2: Calsulation of dips of lines of intersection

Input data from step 1.

Calculation:

¥; = arctar (Tan y4.Cos (ag - 2)))

¥y = arctan (Tan yp.Cos (o, - a3))

%3 = arctan (Tan yy.Cos (ay =~ a3)}

¥, = arctan (Tan 4y, Cos (ap = uy))

ve = arctan (Tan v,.Cos (a, = ag))

Step 4: Calculation of areas of planes

taput daca: from step 3 and from measuted lengths AC and TC.

Supplementary calculation of lengths AC and TIC

[+
/
AO:H/%
7% Ac: Ap. 228
A Fi\\\\ 5 Sia O35
H t 815 TC = AC AT

“igure D.3.3: Calculation table for wedge analysis (After

Hoek and Bray, 1977)

Caicularion of angles between lineg of intersection.




Calculationt
Sintya . TC7.Si“b37‘. s

Step 7: Calculation of coefficients for resolution of forces

Ap = Hac? in Bag
Sinbyg Sinbey Input data: original data on plsnes and step 2.
Calculacion:
in? i in? i . .
o Q[Mﬂ , Sintbyy . Sinbyy _gpp Sinfyy .Sinbgy Sinfyg Wpa.pb = SinY,.5in¥,.Cos (%, =9,) + CosV,.Cos¥,
‘ Sinfbyg . Sinfg, 5in‘6gy .Sibtyg ™. na -~ Cos¥,
. nb = - Cos¥p
Ap e doTC? Sinty, . Sinbyg. Sinbyg m.na = Sin¥,.Sinv(.Cos(a, ~o¢) + Cosyy.Cosy,
Sint,y . Sinby; ™. b = Sinyy,.Sind;.Cos (o), ) + Cosyy.Cosy,
81 na = Cos¥y.SinV,.Cos(op —0,) - Sian.CosW‘
: "7.nb = Cos¥y.Sin¥y.Cos (3 @) ~ Sindy.Cos¥y,
Step 5: Calculation of weight of vedge o, 5 = Sinlg
.Si «Cos(ag = - Sinysg.
Input data: Angles from step 3 plus lengths AC and TC. w5 * Cosvs.Sindy @5 ~%) _WS Cosvy
- T, 5 - Cosw5.Cnan.Caelu5 ~oar) + Stms.sin\UT
Calculation:
K = (1-Cos%83, - Cos 635 = Cos?b,g + 2Cos8;, CosBigCose,s )5 1
. . Step 8: Calculation of coefficients for determination of effective
. ine s Si . 2 2L 2 0
Ve %Yx act, SintryaSinfre 5 Sin 837'5f“655 normal reaccions Ny, and Npe.
SinZey4.5inf,, Sin‘bgy.51inb,p
Input data: from step 7
Calculation:
Step 6: Calculation of forces due to water pressure. q = (mna.nb'mh'.nb - mypa) /U~ mfm.nb)
. 4 2
Input data: From steps 2, 3 and 4, T~ (Mpa.gbMy.gb = Wy.na) / (1 - ™aa.nb)
Calculation: 8 = (Mqa,nbe®r,nb = OT,pa) / (1 - “‘%a.nb)
P o= Y- w Sinyy + S_‘_“,Ezf_ . Sinyg x = (Mpa,nbe®y,na = My, pp) 7 (1 - ml?ﬂ.hh)
2. Sinigy Sintgg 3
¥ = (Mpa,qb-™,na = ®,ub) / A - ooy nh)
2
1 # = (wna.nb®r.na = ®T.ub) / (1 - #ha,0b)
vel.pa
3 T
Ua =1 PeAy
3 Step 8: Calculation of Factor of Safety
Uy = l .p.Ag
3 Fa cahy + cphp + (gW + TV + ST - Uu)Tan ¢4 + (xW + yV + 2T - Up)Tandy
By, W+ my oV wg, 5T
Nae
s
N {
5 I
1S
T
W

igure D. 3.3 (Continued)
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APPENDIX D.4

CIRCULAR FAILURE (Bishop’s Method)

In this wmethod the potential failure surface, in
section, is assumed to be a circular arc with centre 0 and
radius R. The soil mass (ABCD) above a trial failure surface
O(AD) is devided by vertical planes into a series of slices
of width, b, as shown in Figure D.4. The base of each slice
is assumed to be a straight line. For any slice the
inclination of the centre-line, is z. The factor of safety
is defined as the ratio of available shear strength to the
shear strength which nust be wmobilized to maintain a

condition of limiting equilibrium.

Force wequilibrium conditions introduce E or X forces
(Figure D.4) and an assumption must be made to render the
problem statically determinate. In what is usually termed
the simplified Bishop method (Bishop, 1955y, force
equilibrium of a slice in the vertical direction is taken
and the variation in X forces across a slide is ignored.
This is tantamount to assuwming zero shear between slices and
ignoring the requirement for equilibrium in the horizontal
direction. Resolving the forces combined with the Mohr-
Coulomb criterion results in the expression of factor of

safety given in Figure D. 4.
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W = weight of slice

P = total normal force acting on base of slice

T = shear force acting on base of slice

z = height of slice

b = breadth of slice

I = length of BC (taken as a straight line)

a = angle between P and the vertical

x = horizontal distance from centre of slice to centre of
rotation, O.

U = pore pressure

R = diometer of slip circle

X = Vertical shear force
E = Resultants of thetotal horizontal forces

Factor of Safety:

. L . seca
F= T ('b+ Wl —r,)tan ¢')

YW sing tan ¢ tana
+

F

Figure D. 4:

Effective stress analysis by Bishop’'s method:
torces acting on a vertical slice and factor
of safety equation (arranged from Bishop (1953)
and Smith (1974)).
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APPENDIX R

Flow Charls of The Computer Programs
Developed For The Study



APPENDIX E.1

COMPUTER PROGRAMS "SHEAR®™ AND "REVERSE"™ FOR DIRECT SHEAR
TEST

The computer program SHEAR is written in Fortran
language and developed for the calculation of shear stresses
corresponding to incremental deformations recorded in
forward shear tests, peak shear stresses and shear strength
parameters cohesion, ¢, and internal friction angle, #. The
test readings taken from tested many specimens, which
represent a soil or a discontinuity sample, can be evaluated
as an individual test set. The shear strength parameters of
the sample examined are computed from the determined peak
shear and normal stresses of each specimen by linear

regregssion technique.

The program REVERSE is used for evaluating the reverse
shear test resultis. Its flow char£ is the same as the
program SHEAR, but the test gauge constants as an input
parameter are different than those of program SHEAR. This

program calculates residual shear strength parameters.
Because of the similarities between these two programs,

their flow charteg are introduced in a combined form in

Figure E.1 with input data required to run the programs.
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START

READ HEADING
DATA

\Bs/

READ NO.OF TESTY
(N)
)l
K
FEAD INPUT DATA

COMPUTE SHEAR LOAD
AND DEFORMATION FOR
EACH TEST READING

|

COMPUTE SHEAR STRESSES
FOR EACH STAGE OF TEST

1

COMPUTE PEAK/RESIDUAL
SHEAR STRESS

YES
ITE SHEAR AND NORMAL
STRESSES WITH CORRE
DING DEFORMATIONS IN
INPUT DATA THE LIST FORM
Al,AZ A3: Heading data(project name,etc) ‘l'
. ITE PEAK/RESIDUAL
N: Number of gauge readings wS?-iEiR STRE/SS Asg
NY: Normal load NORMAL STRESS
0 : Gauge readings
HM: Amount of displacement
S_: Values of boundary loads COMPUTE c,g tan ¢
6U: Limits of gauges used AND COEFF.OF CORR.,r
BY: Unit foad values BY USING LINEAR REG-
WRITEc, ¢
tang,r

( storp )

Figure E.1l: Combined flow chart for computer programs "SHEAR" and
"REVERSE" with the list of input data.
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APPENDIX E.2

COMPUTER PROGRAM "HOBR*™

Program HOBR, written in Fortran language, has been
developed to calculate the shear strength parameters of rock
masses. The logic of the program is based on the non-linear
failure criterion proposed by Hoek and Brown (1980 a,b) in

conjunction with the rock mass classification.

In the first part of the program uniaxial compregsive
strength and material congstant my with coefficient of
correlation, r, are calculated using the triaxial test data
pairs obtained from intact rock specimens. mjy is the value
of m for the intact rock. Calculations are based on the
linear regression analysis as pointed out in Hoek and Brown

(1980 a).

The program calculates the constants m and s for the
given rock mass category using the following equations (Hoek
and Brown, 1988):

a) Disturbed rock wmasses:

RMR - 100 RMR - 100

m/my; = expl )
14 6

s = exp( ) (1 a,b)

-e
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b) Undisturbed or interlocking rock masses:

RMR - 100 RMR - 100
m/my = exp!l ) 3 8 = exp( ) (2 a,b)
28 9
Finally, wusing the above values and following the
calculation sequence mentioned in Hoek and Brown (1988)

internal friction angle, cohesion and shear stress values
are computed for different normal stress values which can be
pre-determined by the user.

A flow chart of this program is given in Figure E.Z2.

INPUT DATA

N Number of triaxial test data pairs
SGi, SG3 : a0y, ag

RMR ¢ Rock mass rating

IC ¢ Rock mass category control

SIGC : Uniaxial compressive strength of intact rock
K : Number of normal stress values

SIGMAN : Normal stress value which is selected by the

user
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( START )

READ TRX. TESTS
DATA; 0% , %3

‘READ Oy RMR

L

CALCULATE SUMMATIONS FOR
REGRESSION EQUATIO NS

1

CALCULATE m;,COEFF CORR.(r),
o, FOR INTACT ROCK

CALCULATE
’szN':;DE:NS DISTURBED
c & ROCK MASS
CALCUL ATE m
AND s USING
EQNS. 2a, b.
CALCULATE
—> h,e,¢ T,c¢

FOR EACH NORMAL
STRESS VALUE

ANOTHER
RUN

WRITE h,8,8,T,c
FOR EACH NORMAL
STRESS VALUE

{ stoOP )

Figure E.2: Flow chart for computer program "HOBR".
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APPENDIX E. 3

COMPUTER PROGRAM "MBPF" FOR PLANE SHEAR FATILURE ANALYSIS

Program MBPF performs a limiting equilibrium analysis
for +the case of a slope which may slide along a single
discontinuity plane. If it is desired, the program also
allows for the inclusion of a vertical tension crack which
may be located behind the slope crest (Figure E.3.1) or in
the slope face, the effect of externally applied static

loads as may result from a dragline.

The advantageocus of the program are that the analysis
of slopes consisting of wany benches in different geometries
and involving various wunits can be easily performed.In
addition, the top surface way be inclined., In the case of a
slope with nonlinear groundwater table, the linear segmented
phreatic surface line enables any water distribution to be
easily wmodeled. Up to 30 segments can be used. The shear
strength of the sliding surface is aésumed to be composed of
frictional and cohesive component according to the linear
relationship. The external loads are taken into
consideration according to their locations on the sliding
mass (Figure E.3.1). The mass above a trial sliding surface
is divided by vertical planes into a series of slices. The
wveight of the sliding mass and water pressure are calculated

in terms of slices,.
Input data for the program includes slope geometry,
conditions of water table or water pressure in tension

crack, external loading conditions and the material
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properties. It will also prompt to user to enter the
interval required to be evaluated and the increment of

tension crack position. Output consists of a table of input
data, a list of factors of safety, weight of sliding mass,
wvater pressures at each position of evaluation. Figure E. 3.2

shows a flow chart for this program.

The following cases are included in the program:

a. Dry slope with or without tension crack.

b. A slope with non-linear phreatic surface without
tension crack.

c. A slope vwith non-linear phreatic surface and
vertical tension crack.

d. A slope with tension crack and water pressure acting
along tension crack and sliding surface only.

e. A slope wvith external loading and with or without

tension crack and various groundwater conditions.

INPUT DATA

Al, A2, A3 : Heading dinput (Project name,
location, etc.)

NBAS : Number of benches

XPK, YPK : Coordinates of points defining

slope profile

COH, GAMS, SEISHM Cohesion wmobilizing along sliding

e

surface, unit weight of water,

seismic coefficient

NSTRAT : Number of strata (geological units)
GAMK : Unit weight of each strata

XTL, YTL, : Coordinates of left and right points
XTR, YTR of strata bases

H : Slope height

BETA, ALFA, FI Overall slope angle, inclination of

.

sliding surface, internal friction
angle mobilizing along sliding

surface.
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IEXT

POZIS
WBIRIM

UZUN
GECAT

NAKFER

ORAN

NSU

XSU, YSU

K2, L2, M2

.

s

as

External loading control:
If IEXT
If IEXT
See Figure E. 3.1 (If IEXT =2)

1, no loading

2, external loading

Unit weight of material caused
external loading (If IEXT = 2)
See Figure E.3.1 (If IEXT =2)

Tension crack control:

GECAT = 1, tension crack is on the
slope face
GECAT = 2, tension crack is behind
the crest
GECAT = 3, no tension crack

Groundwater condition control:

NAKFER = 1, dry slope

NAKFER = 2, phreatic surface (free
aquifer case)

NAKFER = 3, water pressure along
tension crack .and
sliding surface only

Pre~-determined ratio between the

depth of tension crack and height of
water in tension crack (If NAKFER=3)

Number of points defining phreatic
surface

Coordinates of points defining
phreatic surface

Initial position of tension crack
with respect to slope crest,
intervals of increments for tension
crack position, maximum distance of
tension crack from crest (last

tension crack position)
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APPENDIX E. 4

COMPUTER PROGRAM "WEDFA" FOR WEDGE FAILURE ANALYSIS

The computer program WEDFA is written in Fortran
language. Basically, this program calculates the factor of
safety for the wedge which way involve a tension crack
behind the crest and water pressure or may not. The program
is based on the limiting équilibrium method of analysis
proposed by Hoek and Bray (1977) which is summarized in
Appendix D.3., It also provides analysis of many wedges in
different heights in the same run. The flow chart of the

program is given in Figure E. 4.

The input data regulired to run the program are as

follovws:

Al, A2, A3 : Heading data (project name, etc.)
N : Number of wedges to be analysed
H : Height of wedge
WEXT : Weight of external load
Iw : Water pressure control:
ISy = 1, no pressure
IS = 2, wvater pressure does exit
ITECR : Tension crack control:
ITECR = 1, no tension
ITECR = 2, tension crack is behind the

slope crest
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READ HEADING
DATA

READ NO.OF WEDGES
AND HEIGHTS TO BE
ANALYSED

READ INPUT
DATA

CALCULATE DIPS OF LINES
OF INTERSECTIONS

CALCUWATE ANGLES BETWEEN
LINES OF INTERSECTIONS

NO YES
TENSION L T¢=0

CRACK

(o
CALCULJTE
TC

I

CALCULATE AREAS OF PLANES
AND WEIGHT OF WEDGES

WATER
PRESSURE

|V, UA,U8= (o]

CALCULATE/ WATER
PRESSURES

‘i

CALCULATE COEFF. FOR RESOLTION OF FORCES FOR
PETERMINATION OF EFFECTIVE NORMAL REAC.

1

[caLcuLate FacTor oF saFeTy (7))
1 )

WRITE F, WEIGHT AND,
HEIGHT OF WEDGE

YES

NO

WRITE INPUT
DATA

Figure E.4: Flow chart for computer program "WEDFA".
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