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ABSTRACT

The aim of this study is to evaluate the stability and excavatability of newly stripped rock slopes
(slope 1 (SN-1), slope 2 (SN-2), and slope 3 (SN-3)) in a limestone quarry. These are new pro-
duction sites with comparable geological formations along the southern part of the quarry where
three planar failures were previously observed. For this reason, detailed fieldwork was performed
to determine the properties (spacing, roughness, etc.) of the discontinuities of the rock slopes in
the study area. The shear strength parameters of the discontinuities and the point load strength
index (Is ) and the uniaxial compressive strength (UCS) of rock samples obtained from the
study area were tested in the laboratory. The stability of the slopes was assessed using kinematic
analysis and an orientation—dependent and orientation—independent slope stability probability
classification (SSPC) system. The results of the SSPC system analyses were compared with those
of the slope mass rating (SMR). The kinematic analysis shows that planar, wedge and toppling
failures are unlikely in the slopes of the study area. The orientation—dependent SSPC analysis
revealed that SN-2 would experience sliding failure if its dip angle is greater than 66°. The slo-
pes were shown to have a stability probability of 280%, provided that a pneumatic hammer or
blasting methods are used for the excavation. However, the maximum slope height (Hmax) in
blasting operations is required to be lower for durable slope faces. Furthermore, the SMR analysis
has indicated that SN-1 and SN-2 will most likely lose their stability when blasting is used as
an excavation method. The rock slopes could be excavated by pneumatic hammer because the ca-
tegory of excavatability of the rock was determined to be ‘easy ripping.” Based on the kinematic,
SSPC and SMR analyses, the angles for a safe slope are proposed to be 70°, 66° and 75° for SN-1,
SN-2 and SN-3, respectively, with a slope height of 8 m.

RESUMEN

El objeto de este estudio es evaluar la estabilidad y la medida de excavacién de nuevas pendientes ro-
cosas descubiertas (slope 1 (SN-1), slope 2 (SN-2), y slope 3 (SN-3)) en una cantera de caliza. Estos
son nuevos sitios de produccién con formaciones geolédgicas similares en la parte sur de la mina. Por
esta razon se llevé a cabo un trabajo de campo detallado para determinar las propiedades (espaciado,
irregularidades, etc.) de las discontinuidades en las pendientes rocosas del 4rea de estudio. En un
laboratorio se evaluaron los pardmetros de fuerza de las discontinuidades, el indice de punto de carga
(Is(50)) y la fuerza de comprensién monoaxial (UCS) de las muestras de rocas tomadas en el drea de
estudio. La estabilidad de las pendientes fueron medidas a través de un andlisis kinemdtico y de un
sistema de clasificacién de estabilidad probable (SSPC) en orientacién-dependiente y orientacién-
independiente. Los resultados del andlisis al sistema SSPC fueron cotejados con las clasificaciones de
masa de las pendientes (SMR). El andlisis kinemdtico muestra que las fallas planas, de bloque y de tope
son improbables en las pendientes del drea de estudio. Los andlisis SSPC de orientacién-dependiente
muestran que la SN-2 podria presentar fallas de deslizamiento ya que el dngulo de la cuesta es mayor
a 66°. Las pendientes evidencian una probabilidad estable de 280% si se utiliza un martillo neumdtico
o métodos de explosién para la excavacidn. Sin embargo, la pendiente de mdxima altura (Hmax) en
operaciones de explosién debe ser menor para garantizar la duracién de las fachadas de las pendientes.
Ademis, los andlisis SMR indicaron que la SN-1 y la SN-2 son mds propensas a perder su estabilidad
si se utilizan métodos de excavacién con explosivos. Las pendientes rocosas podrdn ser excavadas con
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martillo neumdtico ya que la medida de excavacién de la roca fue determinada como de "fécil explo-

Record

tacion". Basado en los andlisis kinemdtico, SSPC y SMR, los dngulos propuestos para una pendiente

segura son de 70°, 66° y 75° para las pendientes SN-1, SN-2 y SN-3, respectivamente, con una

pendiente de altura de 8 m.
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Introduction

The slope stability analysis of rocks is vital for designing safe slopes in
open—pit mines. A proper slope design not only leads to improvements in
slope stability and safety but also reduces costs, extends the life of mines and
decreases the stripping ratio (Bye and Bell, 2001, Naghadehi et al., 2011).

There are different methods used to evaluate the slope stability of
rocks. The assessment of slope stability in rocks is usually performed by
kinematic analysis, limit equilibrium analysis and a rock mass classifica-
tion system, such as the SSPC system (Ulusay et al., 2001; Pantelidis,
2009; Alejano, 2011). Kinematic analysis is based on the motion of bodies
without consideration of the forces that cause the motion (Kliche, 1999;
Kulatilake et al., 2011). However, kinematic analysis does not consider
the forces acting on a slope or important geotechnical parameters, such
as cohesion and unit weight. The other method, known as limit equili-
brium analysis, considers shear strength along a failure surface, the effects
of pore water pressure and the influence of external forces, such as reinfor-
cing elements or seismic accelerations (Kentli and Topal, 2004; Giirocak
et al., 2008). Although limit equilibrium analysis is widely used and is a
simple method to assess the stability of the slopes, it is often inadequate
if the slope fails via complex mechanisms (e.g., discontinuity orientation,
progressive weathering, excavation disturbances, etc.) (Eberhardt, 2003).

The SSPC system was designed by Hack (1998) specifically for slopes
to classify rock masses and assess the in situ stability and probability of fai-
lure of an engineered slope constructed in that rock mass. Hack (1998) de-
veloped the SSPC by analyzing the stability of 286 engineered rock slopes,
which varied from 5 to 45 m in height. The excavations were performed
by varying means, such as manual, explosives or excavators. The lithologic
units were highly varied and ranged from gypsiferous shales to limestones,
sandstones and granodiorites. The SSPC system considers both the orien-
tation—dependent and orientation—independent stability of the slope and
thus gives a better assessment of slope stability (Hack, 1998; Lindsay et al.,
2001). The orientation—dependent SSPC analysis is related to the orienta-
tion of the discontinuities and the slope, whereas the orientation—-indepen-
dent SSPC analysis considers the strength, cohesion and angle of internal
friction of the rock mass in which the slope is located, independent of
the orientation of both the discontinuities and the slope. Hack (1998)
reported that a large number of slopes were found to be stable using the
orientation—dependent analysis, although they were visually assessed in the
field as unstable. For these slopes, the orientation—independent analysis ba-
sed on the rock mass friction angle and cohesion and the slope height and
dip has been reported to produce an estimate of the probability of failure,
expressing the stability as a percentage probability (Lindsay et al., 2001;
Hack et al., 2003). Lindsay et al. (2001) indicated that, in addition to the
design parameters, including rock mass cohesion, rock mass friction angle,
rock mass strength and maximum stable bench angle, SSPC also provides
kinematic analysis and a prediction of optimum height for a stable slope.

The SSPC system is a rock mass classification system based on a three—
step approach and on the probabilistic assessment of different independent
failure mechanisms in a slope (Hack and Price, 1995). First, the exposed
rock mass (exposure rock mass, ERM) is characterized and is corrected for
weathering and excavation disturbance to derive the parameters critical to
the geomechanical behavior of the slope in its imaginary unweathered and
undisturbed state (reference rock mass, RRM). Then, the design slope (slo-
pe rock mass, SRM) is assessed based on the derived reference rock mass
parameters, taking into consideration both the method of excavation and

the effect of weathering (Hack, 1998; Lindsay et al., 2001; Hack, 2002;
Hack et al., 2003).

The excavatability of rocks is of importance for the selection of sui-
table and cost—effective excavation methods not only in mining and qua-
rrying but also in the construction of tunnels, subways, highways and
dams. A number of different methods have been proposed to evaluate
the excavatability of rocks based on their geotechnical properties, such as
(Iss,)» discontinuity spacing and seismic velocity (Weaver, 1975; Scoble
and Muftuoglu, 1984; MacGregor et al., 1994; Basarir and Karpuz; 2004).
It has been reported that the type of equipment used and the method of
working also affect the excavatability of rocks (Pettifer and Fookies, 1994).

2. The Arakli-Tagénii limestone quarry

The Arakli-Tasonii limestone quarry is situated approximately 40
km from the city of Trabzon in northeast Turkey (Fig. 1). The quarry is
operated by the Askale Cement Factory and exploits the limestone-rich
Kirechane Formation. The quarry has experienced three separate planar
failures, which occurred between 2005 and 2006. Kesimal et al. (2008)
suggested that uncontrolled blasting activities and heavy rainfall, as well
as very steep slopes, are responsible for the failures. The failures resulted in
the demolition of houses, a mosque and a school, and the failures adversely
affected the road and farm fields surrounding the quarry (Fig. 2a, b). Raw
material production came to a halt due to the environmental issues associ-
ated with these failures.
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Figure 1. Location of the Arakli-Tagonii limestone quarry (Ceryan, 2009)

A new production site with a similar geological formation at the
southern part of the landslide area was then selected to produce limestone
(Figs. 3 and 4a). The aim of this study is to evaluate the stability of the
slopes at this new production site. Furthermore, the excavatability of the
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Figure 2. A general view (a) and a closer view (b) of the failures along the northern parts of the Arakli-Tagonii limestone quarry
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Figure 3. Geological cross section of the study and landslide area

rocks in the site was also assessed using the (Is ;) and discontinuity spacing
index proposed by Pettifier and Fookes (1994). The mechanical properties
of the limestone, such as UCS, (IS(SD)) and the friction angle of the dis-
continuity surfaces measured using a direct shear test, were determined.
Additionally, the main orientation, spacing, aperture, filling, weathering
and roughness of the discontinuities were described using scan—line map-

ping (ISRM, 1981).

3. Geology

In the quarry and surrounding area, the basement is composed of
rhyolitic and rhyodacitic pyroclastics and basaltic volcanics. The quarry
mined the various subfacies of the Late Campanian—Paleocene—aged li-
mestone, which appears as red—grey—colored limestone intercalated with
claystone, sandstone and marl, conformably overlying the Late Santonian—
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Figure 4. A general view of the study area (a)
and a closer view of SN—1 (b), SN-2 (c)

Early Campanian volcanics (Ercikdi, 2004; Karaman, 2011). Due to the
composition of the red micrite and pelagic fauna, the studied limestones
are concluded to have formed under shallow marine environmental condi-
tions (Ceryan, 2009).

The geological units of the study area are characterized by interca-
lations of light grey, dark grey, red and yellow limestones. Bioclasts are
composed of benthic foraminifera, various-sized bivalve fragments, radio-
laria, echinoid fragments, bryozoa and pelagic fossils. The broken macro-
fossils in the limestone units exposed in the study area imply that the unit
transitioned from a primary sedimentation basin. Based on the microfossil

and SN-3 (d)

investigations of the biomicritic limestone, all of the samples have the same
age and microfossil content in spite of the color differences (Ceryan, 2009;
Karaman, 2011). In the lower part of the study area, shelly limestone out-
crops with abundant karstic voids are observed. All of the rocks from the
study area are weathered to various degrees. The main lithological units,
starting with the lowest, are rhyolite, rhyodacitic pyroclastics and basaltic
volcanics; volcanic tuff; shelly limestone; mudstone; sandy—clayey limesto-
ne and marl (Ceryan, 2009; Karaman, 2011). The stratigraphy of the study
area and descriptions of the lithological units are shown in Fig. 5.

All of the sedimentary units are highly stratified, and their dips change
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Figure 5. Generalized stratigraphic column of the study area (modified after Ceryan, 2009)
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from 4° to 25° inclined to the SE, SW and S. The depth of the open pit is
approximate 70 m, and its length is 500 m, ranging from unweathered to
moderately weathered zones. The average thickness of bedding planes of
the limestones varies between 7 and 35 cm.

4. Field and laboratory studies

The geotechnical properties of the rock mass exposed in the study area
were investigated using both field observations/measurements and labo-
ratory tests. Three different slope faces (called SN—1, SN-2 and SN-3)
were defined for the study based on their discontinuity properties (Figs 4b,
¢, d). The small- and large-scale roughness, infilling material and karstic
conditions of the discontinuities of these slopes were determined according
to the SSPC system. The orientation and spacing of the discontinuities
were described using the scanline mapping method, following the ISRM
description criteria (ISRM, 1981). The discontinuity orientation analy-
ses were performed using commercially available stereographic projection
software, DIPS 5.0 (Rocscience, 1999), where the major joint sets for each
slope were distinguished. In the study area, a total of 396 joint measure-
ments were taken. The properties of SN-1, SN-2 and SN-3 are given
below (Table 1).

A number of core (50), unshaped (97) and oriented block (16) sam-
ples were collected from the field for laboratory testing. Laboratory-based
direct shear tests were performed on the oriented block samples. The de-
(50)), shear
strength parameters of the discontinuities, spacing, roughness, and aperture
of discontinuities, were determined in accordance with the ISRM methods
(ISRM, 1981, 1985). The limestone has an average UCS of 11.40 MPa, an
average Is of 1.07 MPa, and an average friction angle of 30.8° (Table 2).

scription of rock material and mass characteristics, such as UCS, (Is

5. Assessment of slope stability

In this study, kinematic, SSPC and slope mass rating (SMR) analyses
were performed to assess the stability of the slopes and therefore to deter-
mine safe slope angles and heights for the study area. Limit equilibrium
analysis was not performed for the slopes, which were kinematically stable.

5.1. Kinematic analysis

The kinematic analysis method, which was first described by Hoek
and Bray (1981), developed by Goodman (1989) and modified by Wy-
llie and Mah (2004), allows the investigation of potential planar, wedge
and toppling failure modes of rock slopes. This method assumes that the
shear strength of the sliding surface is composed only of friction and that
the cohesion is zero. Wyllie and Mah (2004) indicated that it is possible
to determine the stability conditions of a slope on the same stereonet
by analyzing daylight envelopes (i.e., a combined kinematic analysis).
For a stable condition, the force vector, which is normal to the plane,
must lie within the friction cone. When gravity is the only force acting
on a block, the pole to the plane is in the same direction as the normal
force. Therefore, the block will be stable, provided that the pole point
lies within the friction circle. It is also possible to determine the stability
conditions according to the relationship between daylight envelopes and
pole points (Gischig et al., 2011).

In this study, a combined kinematic analysis was performed to plot
and analyze joint orientation data for each slope in the limestone quarry.
The dip and dip directions of the slopes were determined to draw the da-
ylight envelopes. Two major joint sets exist in the rock mass, and the dip
directions of the slopes vary between NE and N'W. The internal friction
angles of the discontinuity planes vary from 24’ to 33", which were obtai-
ned from the laboratory tests for each slope, and these angles were used for
the kinematic analyses (Table 3).

5.2. Orientation—dependent SSPC analysis

The orientation—dependent stability analysis identifies the sliding and
the toppling mode of failure within a rock mass and assesses the probability
of failure based on the condition of the discontinuity, which controls the
failure (Hack, 1998; Lindsay et al., 2001). In the current study, the condi-
tion factor (7C) for a discontinuity set was calculated using the equation

by Hack et al. (2003):

TC = Rl Rs Im Kc 1)

Table 1. Joint properties of the designated sectors

. SN-1 SN-2 SN-3
Properties of
discontinuities ], ], ], 1, ], 1,
Large-scale . . . .
roughness Slightly curved Slightly wavy Straight Curved Slightly wavy Wavy
Small-scale Smooth . . Smooth
roughness undulating Rough stepped Polish undulating undulating Rough stepped Rough stepped
Generally Generally b oue filling Without
open—without open—without filling (1-3 mm) oc. filling (1-3 mm)
. No infill-surface No infill-surface filling (1-3 mm) (1-3 mm) occa- . &
Infilling . . - . . casionally open  occasionally open
staining staining occasionally open sionally open with . ; . .
. . . with calcite and with calcite and
with calcite and clay ~ calcite and local clay lav filli lav flli
filling filling cay iting cay g
Weathering . . Slightly Slightly
degree Unweathered Unweathered Slightly weathered ~ Slightly weathered weathered weathered
Groundwater . - - - - -,
conditions Dry joint surfaces  Dry joint surfaces  Dry joint surfaces Dry joint surfaces  Dry joint sufaces  Dry joint surfaces

Karst condition

Available

Available

Available

Available

Available

Available
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Table 2. Material properties of the limestone and joints
Properties Number of test Mean Max. Min. Std. dev.
Uniaxial compressive strength (UCS, MPa) 50 11.40 20.89 5.58 4.35
Point load strength index (Is(so), MPa) 97 1.07 2.10 0.41 0.44
Unit weight (y, kN/m?) 22 22.37 23.25 20.99 0.07
Joint set number Two major joint sets
Spacing of discontinuities (cm) 109-1 (average 17.34)
Aperture of discontinuities (mm) Generally 1-3 mm
Roughness of discontinuities Generally smooth undulating, occasionally rough stepped
Infilling Generally without filling, occasionally calcite, clay+silt, silt+sand
Weathering degree Generally slightly weathered, occasionally moderately weathered
Groundwater conditions Generally dry, occasionally damp
Table 3. The parameters used in the kinematic analyses
Ji ], Slope (o)
Slope No (dip direction/dip) (dip direction/dip) (dip direction/dip) )
1 243/5 140/71 012/75 24
2 180/4 007/70 320/62 31
3 116/15 043/74 340/75 33
where R/ and Rs are the large—scale and small-scale roughness of the ~ AP= arctan (cosd tandip Mmmw) (4)

discontinuity planes, respectively, /m is the infilling material in the dis-
continuities and Kc is the presence of karst along the discontinuities. The
properties of the joint sets used in the calculation of the condition factor

(TC) are shown in Table 4.

Table 4. Properties of the joint sets used in the calculation
of the condition factor (TC)

Slope Joint set (J) Joint set (J,)
Noo R Ry Im K¢ R R Im Ke
1 0.80 0.75 1.00 092 095 095 1.00 0.92
2 0.75 0.70 0.75 092 085 0.75 0.65 0.92
3 095 095 090 092 1.00 095 090 0.92

Rl: Large-scale roughness; Rs: Small-scale roughness; Im: Infill material; Kc: Karstic
condition

The following prior criteria were taken into account as the boundary
conditions for sliding and toppling failure, respectively (Hack and Price,
1995; Hack et al., 2003).

TC<0.0113 AP ()

TC < 0.0087 (-90°— AP+dip dmmm) 3)

where 7C is the condition factor and AP is the apparent angle of the
dip of the discontinuity plane in the direction of the slope dip. AP is quo-
ted by Hack (1998) as:

if AP > 0° — AP = Apparent discontinuity dip in the direction of the slope
dip

if AP < 0° — | AP| = Apparent discontinuity dip in the direction opposite
the slope dip

8 =dipdirection,, — dipdirection,,,,. .

In the orientation—dependent analysis, additional conditions (Table
5), which consider the relationship between AP and slope dip, were also
considered for the evaluation of toppling and sliding failure (Hack, 1998;
Lindsay et al., 2001; Hack et al., 2003).

Table 5. Additional conditions considered for sliding and toppling modes in the
orientation—dependent analysis (Hack, 1998; Lindsay et al., 2001; Hack et al., 2003)

Assessment of stability Sliding Toppling

AP> 84°0or AP< -84 %100 %100

Slope dip+5<AP<84 %100 %100

Slope dip-5<AP<slope dip+5 %100 %100
0°<AP< (slope dip-5) use graph sliding %100

AP<0 and -90-AP+slope dip<0 %100 %100

AP<0 and -90-AP+slope dip>0 %100 use graph toppling
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Table 6. The ERM parameters used in the orientation—-independent SSPC analysis

No ey VB OMESPACD G Coba MEEm Aemsigeoein HoObe
1 18.85 1.00 0.76 0.42 0.69 30.43 16280.34 0.17 0.16 4.30
2 7.65 0.95 0.76 0.46 0.36 27.91 15183.99 0.08 0.31 5.16
3 11.62 0.95 0.76 0.50 0.77 33.32 18176.53 0.20 0.24 4.30
5.3. Orientation—independent SSPC stability coh’ =94.27 UCS + 28629 SPA + 3593 CD 9)

In the orientation—independent analysis, SRM properties were used
to assess the stability of slopes because this analysis considers both the exca-
vation disturbance to which the slope will be subjected and the slope’s sus-
ceptibility to weathering. The RRM parameters (RSPA, RCD and RUCS)
were first derived from the ERM properties (Table 6) and subsequently
used in the SRM calculations (SSPA, SCD and SUCS) using equations
5 and 6, respectively. It should be noted that RRM is the rock mass in
an imaginary, unweathered and undisturbed condition prior to excavation
and that the SRM is the rock mass in which the existing or new slope is
to be situated.

RSPA= SPAI(WE ME)
RCD= CDIWE (5)
RUCS= UCSIWE

where RSPA, RCD and RUCS represent the spacing factor, condition
of the discontinuities and unconfined compressive strength parameters for
the reference rock mass (RRM), respectively.

SSPA= RSPA SWE SME
SCD=RCD SWE 6)
SUCS=RUCS SWE

where SSPA, SCD and SUCS are the spacing factor, condition of the
discontinuities and unconfined compressive strength parameters for slope
rock mass (SRM), respectively. SME is the excavation method, which de-
pends upon the degree of disturbance to which the rock mass is subjected
by blasting and pneumatic hammering. In this study, the SME value was
considered to be 0.76 and 0.62 for pneumatic hammering and blasting,
respectively. SWE represents the future weathering conditions and is con-
sidered to be between 0.90 and 0.95 (moderate to slight).CD is the con-
dition of the discontinuities (CD) and was calculated from the following
equation suggested by Hack et al. (2003):

C, | TC,

+
cp=D5_ DS, %)

DS, " Ds,

where 7C,, are the condition factors and DS, , are the average spac-
ings of the joint sets for each slope (Table 6,7).
The internal friction angle (¢’ ) and cohesion (coh’ ) of the rock mass
were obtained from the following equations utilizing the UCS, CD and
spacing parameter (SPA) (Table 6), which were proposed by Hack et al.
(2003):

¢ =0.2417 UCS +52.12 SPA +5.779 CD (8)

Because the dip angle (62-75") of the slopes was higher than the fric-
tion angle (26-32) of the rock mass, the maximum slope heights (77 )
were computed using the following equation:

Hiy = 1651074 ol o, 20P5) €O ) (10)
1=cos(fg = ¢'puss)

where A is the maximum possible height of the slope, B, is the dip

of the slope, @' s the friction angle of the rock mass, and co/’, _ rep-

resents the rock mass cohesion. Further details of orientation—dependent

and orientation—independent analyses of stability can be found elsewhere
(Hack, 1998; Lindsay et al., 2001; Hack et al., 2003).

5.4. Slope mass rating (SMR)

The slope mass rating (SMR) is a geomechanical classification that is
mostly used for the characterization of rock slopes (Romana, 1985). The
SMR is derived from the basic rock mass rating (RMR, Bieniawski, 1989)
using four factors that take into account the geometrical relationship bet-
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Figure 6. Excavatability assessment chart (Pettifer and Fookes, 1994)
of the rocks in the study area
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ween the slope face and the discontinuities affecting the rock mass as well as
the excavation method. The SMR is obtained using the following equation:
SMR = RMR, + (F, F, F) + F, (11)

where RMR, is the basic RMR index resulting from Bieniawski’s rock
mass classification without any correction. Therefore, SMR is calculated ac-
cording to RMR classification parameters (Bieniawski, 1989). F, depends
on the parallelism between discontinuity dip direction and slope dip; 7, de-
pends on the discontinuity dip in the planar and toppling mode of failure; 7,
depends on the relationship between slope and discontinuity dips; and F, is a
correction factor that depends on the excavation method used. The detailed

(@) Ni&

J2

W

Friction cone

explanations of the factors and the SMR can be found elsewhere (Romana,
1985; Calcaterra et al., 1998; Romana et al., 2003; Thomas et al., 2012).

6. Excavatability assessment

In the present study, the assessment of rock excavatability was perfor-
med based on the work of Pettifer and Fookes (1994), which takes into ac-
count the types of excavating equipment and geotechnical parameters, such
as the discontinuity spacing index (I)) and the (Is ), which are easily obtai-
ned through field and laboratory studies. For the (IS(SO)), a total of 97 samples
were collected from the slopes and tested to determine the excavatability of
the limestones in the study area. Discontinuity spacing index (1) and (Is )
were calculated based on the procedure recommended by ISRM (1981,
1985). The average (s, for the slopes varied from 0.41 to 2.11 MPa, and
the discontinuity spacing index was determined to be between 0.13-0.22 m.

The plotting of the data in the excavatability chart for the different
limestone formations is shown in Fig. 6. The analysis revealed that the
excavatability of these formations can be categorized as easy ripping.

7. Results and discussion

Fig. 7 illustrates that the pole points for the joint sets (J, and J,) and
the intersection point of J —J, are not located inside the daylight envelope

© gy N

Envelopes of potential instability

%Ta ing envelope

Davlight envelope for wedges

Davlight envelope for planar failures

Figure 7. The combined kinematic analyses of SN—1 (a), SN-2 (b) and SN-3 (c)
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Figure 8. Orientation—dependent stability with respect to sliding (a) and toppling failure design charts (b) for the second discontinuity sets of SN-3 and SN-1
Table 7. Assessment of orientation—dependent stability analyses according to additional conditions
], ], Slope
Slope Definition
No Sld Tpl 0 Tpl Sld Tpl of stability
TC AP % % TC AP Sld% % % %
1 0.55 -3.14 100 100 0.83 -60.78 100 >95 100 >95 Stable
2 0.36 -3.07 100 100 0.38 61.91 100 100 100 100 Stable
3 0.75 -10.91 100 100 0.79 57.72 >95 100 >95 100 Stable
SId: Sliding; Tpl: Toppling
for any modes of failure. The pole points indicate that all major joint sets 1 ] Dashed probability lines indicate that the number of slopes used for ":
on the slopes are not critical for slope stability. Planar failure does not oc- Jthe development of the SSPC system for these sections of the '
K K K | graph is limited and the probability lines may not be as certain as e
cur on the slopes of the studied area because the pole points of the discon- 1 the probability lines drawn with a continuous line. 9505
tinuities are not located inside the planar daylight envelope (Fig. 7). The ‘
pole of intersection point of the joints lies within the friction cone or safe
. . . . @
region because the dip angle of ], is very small. This suggests that wedge | &
failure does not occur. Similarly, toppling failure is not expected to occur I?J
because of the orientation of the discontinuities and the slopes in the stud- N
ied area. The results of the kinematic analyses indicate that no failure (e.g., g
planar, wedge or toppling) would occur in the slopes. The dip direction (S | &
and SE) of the dominant joint set (J,), which has a very small dip angle and N .
is opposite to the direction of the slope angle (N, NE and NW) (Table 3), probability to be stable < geﬁm fenmer Blasin
contributes to the stability of the slopes. SN1 O u
Kesimal et al. (2008) claimed that uncontrolled blasting and high 01 2% 2 :
slope angles were the primary reasons for the earlier landslide in the quarry. : t 1 t t
. . C . .. . 0.0 0.2 0.4 0.6 0.8 1.0
Field studies also suggest that the similarity in the dip directions for the Qmass / slops di
slopes and the discontinuities could have led to the instability of the slope. pe dip

In this regard, slopes with dip directions opposite those of the discontinu-
ities are expected to have greater stability in the new study area. The kine-
matic analyses have revealed that the slopes (SN-1, SN-2 and SN-3) with
dip angles (0-90") would not impose planar, toppling or wedge failures.
The orientation—dependent analysis with the SSPC system based on the
pre—conditions (Eq. 2 and 3) showed that the sliding and toppling failures
would not occur for the second discontinuity sets of SN-1 and SN-3. The
probability of stability for the second discontinuity sets for these slopes is
over 95% (Fig. 8). In accordance with the additional conditions (Table 5),
the first set of discontinuities for SN—1 and SN-3 (in their current slope dip
angles, 75°) possess a 100% stability against sliding and toppling failures
(Table 7). Furthermore, there will be no sliding and toppling failure risk (the
probability of stability is over 95%) for the first joint sets of SN—1 and SN-3,
even though the dip angles of these slopes are over 86° and 79°, respectively.
When additional conditions (Table 5) are taken into account for the SN-2

Figure 9. Effect of excavation method
on the orientation—independent stability of slopes

joint sets (J, and J,) (the current 62° slope dip angle), no risk for failure is ex-
pected (sliding and toppling). However, when the dip angle of SN-2 is over
66°, the second discontinuity set will daylight in the slope face of SN-2, in
accordance with the additional conditions (0°<AP< slope dip—5). Therefore,
there appears to be a risk for sliding failure (according to Eq. 2) in the second
discontinuity set. This could be related to the roughness and infill properties
of the discontinuities, which lower the value of TC, increasing the likelihood
of sliding failure (Table 4) in the second discontinuity set. According to the
orientation—dependent stability analyses, SN-2 will experience a sliding fail-
ure only if its dip angle is greater than 66°, whereas SN—1 and SN-3 will be
stable at all dip angles (0-90°).
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Figure 10. The maximum slope heights (H, ) according to the means of excavation: pneumatic hammering (a) and blasting (b).
Table 8. Assessment of the stability of slopes based on the excavation methods according to the SMR
Slope No RMR| Failure mode SMR SMR Stability
d,) J,
Mech. Poor Mech. Poor Mech. Poor
excavation blasting excavation blasting excavation blasting
Planar 52 44 46 38 Unstable
. Partially
SN-1 53 Toppling 53 45 49 41 stable Partially
Wedge 52 44 52 44 stable
Planar 47 39 47 39
SN-2 48 Toppling 48 40 44 36 P:tr;jllely Unstable
Wedge 47 39 47 39
Planar 58 50 52 44
. Partially Partially
SN=3 > Toppling > o1 > 47 stable stable
Wedge 58 50 58 50

Based on the current dip angle of the slopes (75°, 62° and 75° for
SN-1, 2 and 3, respectively), the orientation-independent stability analy-
sis for these slopes was performed for instances of excavation by pneumatic
hammering and blasting (Fig. 9). The slopes were determined to have a
probability of 280% stability for both excavation methods. However, the
probability for stability was 6-14% lower using blasting compared with
pneumatic hammering. Blasting can create adverse rock mass disturbances.
The calculated A _values (Figs. 10a, b) for varying slope angles (60-90°)
suggest that the /7 is required to be low for blasting to ensure slope sta-
bility. Given the excavatability of rocks was classified as easy ripping (Fig.
6), the most suitable excavation method is determined to be pneumatic
hammering for the new production site.

In the orientation—independent stability analysis, the /7 of SN-2
for stability was calculated to be 8.22 m for a dip angle of 66°. For a
900 slope angle, the A of SN-1 and SN-3 would be 4.19 and 4.93
m, respectively (Fig. 10a). However, the orientation—independent stability

analysis at this angle for SN—1 and SN-3 predicts a 40-50% reduction in
stability compared with the current situation.

RMR, values, which were calculated based on the described parame-
ters (UCS, rock quality designation (RQD), discontinuity spacing, dis-
continuity condition and groundwater condition), were found to be 53,
48 and 59 for SN-1, SN-2 and SN-3, respectively (Table 8). These data
suggest that the rocks in these slopes can be classified as ‘fair rock,” accor-
ding to Bieniawski (1989). The SMR values derived from Eq. 11 for the
current orientation of the discontinuities (J, and J,) and slopes showed that
the slopes are ‘partially stable (some joints and many wedge failures)’ under
mechanical excavation, according to Romana (1985). However, the SSPC
system produces a more distinctive differentiation between stable and uns-
table conditions than the SMR systems. SN-1 and SN-2 will be ‘unstable
(planar or big wedge failures)’ when blasting is selected as the excavation
method (Table 8). This is consistent with the results of the SSPC that su-
ggest that blasting reduces the probable stability of the slopes. The stability
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of SN-3 seems to be unaffected by different excavation methods, which is
most likely due to its high RMR values. There will be no failure risk (planar
or big wedges) for the SN—1 and SN-3 joint sets (], and ],), even if the dip
angles of the slopes are 90°. However, the orientation—-independent SSPC
analysis indicated the reduction (40-50%) in the stabilities of these slopes
at this angle. The disparity could be related to the orientation—independent
stability analysis (slope height and future weathering), which are not taken
into account in the SMR classification system (Romana et al., 2003; Lind-
say et al., 2001). SN-2 will be unstable (planar or big wedge failures) if its
dip angle is greater than 80°. Based on the slope stability analyses (kine-
matic, SSPC and SMR), the proposed safe slope angles for the pneumatic
excavation of SN-1, 2 and 3 can be taken as 70°, 66° and 75°, respectively,
at a slope height of 8 m.

8. Conclusion

In this study, kinematic, SSPC (orientation—dependent and orien-
tation—independent) and SMR analyses were performed to evaluate the
stability of rock slopes in a limestone quarry. The excavatability of the li-
mestones was also assessed in association with the slope stability analyses.
The geotechnical parameters (discontinuity properties, UCS, friction an-
gle, etc.) used in the assessment of the stability and excavatability of the
rock slopes were obtained from field and laboratory studies. The kinematic
analyses of the slopes indicated that no failure is expected to occur for the
slopes, even for high dip angles of the slopes. The kinematic analyses have
also shown that the discontinuities dip in opposite directions to the slopes,
which improves the stability of slopes. The orientation—dependent SSPC
analysis revealed that no failure will occur for SN-1 and SN-3 at a dip
angle of 0-90°. However, a sliding failure is most likely to occur for SN-2
if the dip angle is greater than 66°.

The orientation—independent stability analysis has shown that the slo-
pes have a stability probability of 280% if pneumatic and blasting methods
are used for excavation. However, the blasting method appeared to reduce
the stability probability of the slopes as well as the /. The excavatability
of rocks was determined to be ‘easy ripping’ and, as the orientation—in-
dependent stability analysis suggests, the pneumatic hammer method is
recommended as the means of excavation. The orientation—independent
SSPC analysis also indicated that the internal friction and cohesion of rock
mass, as well as the slope height and dip angle, are the important para-
meters in the stability of slopes. The SMR analysis has shown that SN-1,
SN-2 and SN-3 are ‘partially stable (some joints and many wedge failu-
res)” when mechanical excavation is used. It was deduced from the kinema-
tic, SSPC and SMR analyses that the safe dip angles of SN-1, SN-2 and
SN-3 should be 70°, 66° and 75°, respectively, with a maximum height of
8 m to ensure the stability of these slopes.
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