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Abstract

Purpose. This paper focuses on the case of a rock slope in the Ouarzazate region in order to conduct a sensitive analysis to
study the influence of seismic action orientations on wedge stability.

Methods. To examine the wedge stability, a probabilistic approach related to the Monte Carlo method has been used. First-
ly, the characteristics of joint families: orientations and fillings are analysed. Then, the influence of the seismic action on the
rock slope stability for the most sensitive plunges is studied using the equations developed by J. Bray (1981). These equations
make it possible to ultimately determine the safety factor for predicting the stability of the wedge.

Findings. In this study, the ranges of values of the seismic action orientations leading to the rock wedge failure have been
identified. Especially around the 284° trend, the minimum of the safety factor values have been obtain for different analyzed
plunges. This means that the occurrence of an earthquake oriented at 284° and lateral to the slope disposition, oriented at 260°,

gives rise to a risk of a slope failure.

Originality. This study of rock slope stability made it possible to find the minimum safety factor values depending on the
orientation of the seismic action by examining its sensitivity to all possible orientations: combinations of plunges and trends.
Practical implications. This analysis makes it possible to find, whatever the orientation of the seismic action, the safety
factor corresponding to the stability of the rock slope. Thus, a decision can be made on the appropriate reinforcement to ensure
the rock slope stability, taking into account the case of the most unfavourable seismic action orientation found in this analysis.
Keywords: stability, seismicity, joints, plunge, trend, safety factor, fracturing

1. Introduction

For a long time, numerous researches have been carried
out on the rock mass stabilization based on the various
developed methods. The characteristics of rock slopes, the
presence of sensitive adjoining structures make the stabili-
zation of the rock slope a priority task. This is especially
true, since the damages caused by a slope failure are nu-
merous and economically heavy, which fully justifies the
need to identify and strengthen unstable rock slopes. The
presence of groundwater leads to pore pressure. The seis-
micity of the study area, climatic conditions, overloads and
any external stress, combined with the presence of families
of joints, are factors that significantly influence the slope
stability. In order to ensure optimal safety against land-
slides and large rock falls, it is necessary to carry out risk
mapping and identify unstable areas [1], and then proceed
to treatment by zones; each zone represents a specific case
that needs to be reinforced (nailing, shotcrete, dynamic
barrier, rockfall netting hanging, tie rods, ...). A meticulous
analysis of the rock mass characteristics helps to better
understand the rock behaviour [2].
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The first step that needs to be taken to do this is the rock
mass characterization. The intensity of rock fracturing
strongly influences its overall resistance, and, therefore, the
rock mass behaviour [3]. This parameter correlates with the
intact rock compressive strength, whether the point load
strength index or the uniaxial compressive strength is known.
It also correlates with the drill core quality rating (RQD),
with the discontinuity spacing, the discontinuity conditions
and the groundwater influence in the rock to characterize the
studied rock formation. Many researchers around the world
have directed their researches in this way in order to find an
ideal correlation for characterizing rock masses and assessing
the underground stability, in particular the RMR: Rock Mass
Rating [4] and the Q-system [5]. Furthermore, correlations
between these parameters have been made [6] and some
adjustments have been developed to allow the classification
to be applied to rock slopes. Of these, in particular, the Slope
Masse Rating (SMR) [7], the Chinese slope mass rating
(CSMR) based on SMR [8], SMR continuous slope mass
rating [9], representing continuous functions of the factors
included in the constitution. As the basic equation for SMR,
the graphical SMR [10], which includes the stereo plot repre-
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sentation, and the Hazard index (HI), which takes into ac-
count the rock normal conditions, as well as the instability of
trigger mechanisms [11] can be mentioned. In different rock
formation analysis methods mentioned above, it can be ob-
served that they mainly consider the state of joint families
present in the rock taking into account their dips and dip
directions, as well as by analysing the intersection line of
joints and rock slope dip.

This paper is focused on slope rock masses. It is obvious
that the failure mechanisms of slopes occur either by circular
slip, by plane sliding, by wedge sliding or by toppling. They
usually occur quite quickly and the analysis of these types of
landslides requires a rock fracture characterization. As for
wedge slip failures, they can occur over a wide spectrum of
geological and geometric conditions and have been widely
discussed in the geotechnical literature by [12]-[16] and
many other researchers. Three-dimensional analyses were
carried out in order to delineate the unstable wedge for each
study case depending on the rock fracturing, as well as the
cohesion and friction angle of the discontinuity planes, which
significantly influence the slope stability. This analysis will be
applied to an area located in the Moroccan Central High Atlas
which is characterized by a Paleozoic basement and a Trias-
sico-Zurassic cover, and more specifically in the Tichka area.

This study will assess the wedge stability under seismic
action impact. A sensitivity study is conducted to measure
the importance of the seismic action impact on the block
stability, highlighting the influence of cohesion and friction
angle along all the joint fractures.

2. Methods

2.1. Location of the study area

The road embankment that we have chosen to study is lo-
cated at the edge of a road built in High Atlas mountainous
area, forming small very sharp bends. These mountain slopes
have very steep dips. The construction of this road was very
important in creating a link between the south-eastern part
and the other parts of Morocco.

This is the Tizi n'Tichka Pass section, which culminates
in the highest mountain peaks both on the scale of this road
and on a national scale. The Tizi n'Tichka Pass is located 100
km from the city of Marrakech and 5 km south-east of the
village of Tadarte (Fig. 1a, b).

This pass, built at an altitude of 2300 m, is the highest
section of the national road RNO9. It connects Marrakech
with Ouarzazate at a distance of 200 km. The route of this
pass contains very sharp bends, crossing fractured schist
formations, the hardness of which increases with depth.

2.2. Methods for assessing the rock slope stability

To assess the degree of the entire section instability, several
field missions were carried out to locate the studied route in a
regional and local geological context, describe the lithological
column of each zone and conduct a structural survey of the
study area. A probabilistic approach using the Monte Carlo
method allows examining the variability effect of each param-
eter on slope stability. Compared to the deterministic ap-
proach, which presents one and only one safety factor that can
be stable or not, related to fixed and determined input parame-
ters, this approach offers a probability distribution of the safety
factor, thus presenting an interval of the safety factor values
and allowing to identify the probability of slope failure.

(@)

LEGEND:
A Map location of map B

g Location of the study area

Figure 1. Tizi n’Tichka pass: (a) location on the Had Zragtane
1/50000 topographic map; (b) three-dimensional google
earth satellite image

It is clear that the probability of failure will be calculated
in the same way as that of the safety factor, taking into ac-
count the resisting and driving forces.

It is a realistic method, widely used in rock mechanics
and engineering, providing access to the management of
uncertainties due to heterogeneities associated with rock
composition, porosities and cracks, as well as any other pa-
rameters representing a spectrum of values [17]-[19]. It is
necessary, when examining the risk of rock mass instability, to
take into account the variability of parameters, which makes
the analysis more logical and realistic [20]. However, in order
to get as close as possible to reality, the approach proposes to
model the parameters as probability density functions. We can
distinguish different types: normal, uniform, triangular, beta,
exponential, lognormal distributions (Example in engineering)
[21]. The normal distribution, which is also the most frequent-
ly used, presents the mean value as the most frequent value of
the studied parameter [19]. In terms of this approach, two
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methods are proposed for calculating the reliability coefficient,
namely, the margin safety and the Monte Carlo methods. The
second method offers versatility and good analysis accuracy.
Whate-ver the combinations of functions adopted for the pa-
rameters and the interdependence or lack of interdependence
of these parameters, this method resolves different operations.
It is also the most frequently used method in probabilistic
approach researches [22]-[24].

2.3. Stereographic representation of structural geology data

Stereographic data representation is a crucial step in un-
derstanding the structural geology of a rock mass. Having
identified the different families of existing joints, it is im-
portant to determine whether their collective presence could
pose a potential risk to slope stability (risk of circular, plane,
wedge or overturning slips). It is for this reason that this
graphic representation offers the possibility of locating the
poles representing dip and dip direction of each set of discon-
tinuities, forming a cloud of points that can be interpreted on
the graph and identify the nature of the instability and sliding
direction [25]. In addition, the dip and the dip direction of the
joint intersection lines can be identified on the stereonet. It is
also possible to determine on the stereonet the joint orienta-
tion compared to the face slope, and the upper face, if it
exists, which can also be represented on the stereonet. The
steps for constructing dips and dip direction, reading and
interpretation of stereonets are described in detail in the 4th
edition of Rock Slope Engineering: Civil and Mining [26],
based on the 3rd edition by E. Hoek and J. Bray.

In order to carry out a rock slope stability study, it is im-
portant to carry out a stereographic representation [27], since
it constitutes the basis of the analysis making it possible to
assimilate the phenomenon of fracturing in the slope before
starting the actual study.

2.4. Rock slope stability analysis

Reading the plots on the stereonets makes it possible to
identify the instability nature that may occur in the case of an
embankment. In order to confirm this graphical reading and
quantify this instability, comparison of joint dips and dip
directions, as well as the various resistance and driving fac-
tors related to the slope, allow us to identify the degree of
slope stabilization. It is important to note that the rock slope
dip and the joint filling have a major impact on the stability.

In the case of wedge failure, when the planes of disconti-
nuities intercept the slope face obliquely, the wedge shape is
delimited by five faces distributed as follows (Fig. 2):

—two sliding surfaces 1 and 2, including their intersection line;

— the slope upper face 3;

— the slope main face 4;

— the extension surface of tension crack (if it exists) 5.

In addition to the discontinuity orientations noted on the
slope, other destabilizing factors may arise (presence of wa-
ter, seismic stresses, external stresses, presence of a tension
crack), which can significantly reduce the safety factor.
However, it is important to note that solving the equations to
find the safety factor becomes more tedious when adding any
factor having an influence on stability. These equations were
developed by [28] taking into account the input parameters:
joint orientations; wedge shape; wedge weight; water pres-
sure; seismicity effect; shear strength at the surface planes;
any external solicitation; the impact of any stabilizing treat-
ment (active or passive anchoring, for example).

intersection

Figure 2. Surfaces defining the wedge shape [26]: Hi - the verti-
cal height between the point where the intersection line
daylights on the face and the intersection of plane 1
with the slope crest; L — the distance measured along
plane 1 between the crest of the slope face 4 and the ten-
sion crack 5

The equations developed below take into account all the
stresses and conditions mentioned above, given that this is
indeed the case of a tetrahedral wedge bounded by five sur-
faces listed above.

The safety factor is calculated as follows:

Fs=2 6

S
where:

FS — factor of safety;

Q — total shear resistance on planes 1 and 2;

S — total shear force on planes 1 and 2.

Two notions are introduced: N; and Nj, representing ef-
fective normal reactions on planes 1 and 2, the calculation of
which is based on a series of developed equations, based on
dips and dip direction data of the joint surface, the upper
slope, the face slope, wedge weight and shape, as well as
various stresses. Any parameter change will influence the
values of these effective normal reactions:

Ni=p(Wk:+T (ro—s)+E(rve—se)+V (ros—ss))-uA; (2)
N2 =g (Wl +T (rs—v)+E (rse—ve) +V (rss—vs)) -u,A, . (3)

Moreover, by identifying the sign of the numerical values
Nz and N2 (higher or lower than 0), it is possible to determine
whether contact is maintained on a single sliding surface, on
two surfaces, or contact is lost on both planes.

For each case of contact, particular expressions Q and S
are clarified in order to find the safety factor characteristic of
this case.

In the case when N; > 0 and N > 0, we obtain the following:

Q=Njtang + Notangy, +C A +Co Ay ; 4
S:U(WiZ +To+ Ea)e—Va)S), (5)
where:

c1A1 and ¢ A, — cohesive force of sliding surfaces;

W — wedge weight;

T — anchoring tension;

E — external loading;

V — water pressure at the level of the stress crack.

All other terms of the equations bellow are equations based
on calculations derived from data relating to the dips and dip
directions of the slide surfaces, upper face and the slope face.

It is not systematic to have all of the above elements
grouped together in one study case. However, the equations



R. Bennouna, L. Ouadif, A. Akhssas, A.S. Senhaji, G. Boulaid. (2024). Mining of Mineral Deposits, 18(1), 1-8

are adaptable to each studied wedge. The calculations of the
safety factor are detailed in Appendix 111 of the 4th edition of
Rock Slope Engineering Civil and Mining.

2.5. Seismicity effect on the slope stability

Most of instabilities are triggered by moderate to high
magnitude earthquakes. The state of slope stability before
any earthquake should also be taken into account. At the
limit of slope equilibrium, even a moderate earthquake mag-
nitude can be enough to trigger instability. In order to under-
stand the relationship between the earthquake magnitude, the
location of the source and the risk of instabilities, it is im-
portant to analyse a lot of land movements triggered by
earthquakes. Keefer has made a correlation between these
parameters according to land movements that occurred be-
tween 1811 and 1980 [29].

Two inertia forces are determined by usual static methods
for determining seismic force:

Fu =ay Q; (6)
R/ =%ay -Q, (7
where:

Fr, Fv—in the horizontal and vertical directions, respectively;

Q —soil element weight increased by the load applied to it;

an, ay — seismic coefficients; an — is expressed as a func-
tion of the nominal acceleration a, and the acceleration g.

To measure the influence of the formation geological na-
ture on the amplification of maximum horizontal accelera-
tion, a correlation obtained with different values is plotted in
the graph bellow (Fig. 3) [30].

In our study we are interested in the case of rock layers.
The graph shows that when an earthquake occurs, wave
propagation depends on the nature of geological formations
being crossed; its impact is relatively weakened within hard
formations compared to soft formations. Fortunately, geolog-
ical rock formation has lower amplification factor than soil
with low or no cohesion.

4

3. Results and discussion

3.1. Characteristics of the joint families

Concerning fracturing planes, this structure is affected by
three main fracture families summarized in Table 1.

Table 1. Dip and dip direction of joint families

P Jo!n_t Dip Dip direction “k?'m
amilies spacing, m
S1 N15 to N25 60 to 85° W 2103

S2 N85 90° S 2
S3 N135 to N140 60° SW 0.50

Slope failure occurs if the geometric configurations of the
slope and discontinuities allow it. A risk of failure exists if
these configurations lead to a kinematically possible rupture.

3.2. Stereographical representation

Identification of the risk of failure of an elementary rup-
ture mechanism is based on comparing the angles of different
discontinuities and the slope angles. The use of stereographic
projection diagrams makes it possible to highlight geometric
configurations leading to rupture [28].

The cross of large circles shows that there are intersection
lines between the joint families. Each intersection line is
characterized by two parameters: plunge and trend. In this
case, we notice that there are three intersection lines that are
combinations of couples of every joint family (Fig. 4). Gene-
rally, the orientation of the intersection lines shows the direc-
tion of sliding, and the angles formed between the planes
indicate the wedging action where the planes intersect. The
presence of this intersections of lines with a slope, when the
dip and dip direction are equal to (N180; 72° W), respective-
ly, can form a wedge for which stability should be analysed.

Fisher
Concentrations
% of total per 1.0 % area

0.00~ 350 %
350~ 7.00%

L] L]
Sols rigides (ép.<50 m)
31 enregistrements

104 enregistrements analysés
spectres établis pour

£=5%
" |- Argile de consistance molle et moyenne

et sable — 15 enregistrements

7.00~
10.50 ~
14.00 ~
17.50 ~
21.00~
2450~
28.00~
3150~

10.50 %
14.00 %
1750 %
21.00%
2450 %
28.00%
31.50%
35.00 %

4 Sols sans cohésion (ép. > 80 m)

30 enregistrements -

maximale horizontale du sol

Roche
28 enregistrements

Facteur d’amplification de I'accélération

AN

Accélération

Maximale du sol
1 1 1 "

0 0,5 1,0 1,5 2,0 2,5 3,0
Période propre en secondes

Figure 3. Influence of soil nature on the amplification factor [30]

In addition, the value of the inertial forces should be tak-
en into account due to its sensitive influence on the local
rock mass stability. A study conducted in [31] shows that
since the horizontal coefficient an is the most important
component of seismic action, an increase in coefficient an
with an increment in 0.1 for different rock slope angles sig-
nificantly decreases the safety factor value of the slope and
increases the risk of failure.

No Bias Correction
Max Conc. = 31.3150%

Equal Area
Lower Hemisphere
12Poles
12 Entries

Figure 4. Spatial distribution of discontinuities

It is important to take into account the filling materials of
the joint planes. Joint opening, cohesive and frictional prop-
erties of rock discontinuities have a direct effect on the rock
mass shear strength, especially when detrital material is the
filler. Table 2 summarizes the nature of filling materials and
the joint opening size for each discontinuity surface.

Table 2. Joint filling nature and joint opening size

Joint families Joint filling Joint opening size, cm
S1 Shale 2to3
S2 Sliced shale 15
S3 Shale 15t02
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In rock masses, failure can develop especially on discon-
tinuity planes that have weaker mechanical characteristics than
those of the rock matrix, causing the rock mass sliding along
one or more fracture planes. In this case, the cohesion of mate-
rials on discontinuity planes is estimated at 1.5 t/m? and the
friction angles at 20°. These values are significantly lower than
rock mass properties, which jeopardizes the block stability.

Assuming that failure can only occur along fractures, the
failure surfaces will depend only on the network of rock
mass fracturing. Depending on this network, one or more
kinematically possible failure mechanisms are determined.
Force or moment balance leads to a safety factor calculation.

3.3. Stability analysis

This study is focused particularly on the impact of seismic
component action on the slope stability. This component is
represented by horizontal and vertical acceleration coefficients.

According to site study, the maximal acceleration is 0.1 g with:

ay =05-¢-S=0.05; (8)
oy :i%-ah:0.017. ©)]

When a=ag/g=0.1, S is soil parameter that is equal to
1 (for rock formation with a less resistant superior layer).

3.4.1. Impact of joint plane parameters on the slope safety
factor for various coefficients of seismic forces

Under the action of seismic waves of different intensity,
the earthquake can cause potential rock slope disasters.
Many studies have been developed in this way [32]-[34],
and some experimental laboratory tests have been conduct-
ed for earthquake simulation to analyse the impact on rock
bedding slope [35].

The seismic action has an impact on the rock mass sta-
bility, and its action depends closely on the rock mass pa-
rameters. A rock mass with low cohesion associated with
seismic action will lead to a very low safety factor for dif-
ferent friction angle values (even if there is a sensitive fluc-
tuation of the FS according to its values). The graphs below
are plotted considering a seismic action plunge of 0°, which
results in a minimal safety factor value (compared to the
plunges towards the intersection of joint families), and
which will be shown later, as well as 285° trend. These
graphs show that the safety factor values will be lower with
an increase in the seismic action component even for a
cohesive rock formation. It is true that stability is ensured
for good cohesive slopes with different values of friction
angles and seismic action less or equal to 0.2 (Fig. 5a, b, ¢).
Nevertheless, an important seismic action can lead to a
decrease in FS and slope instability.

The safety factor varies depending on the importance of
the seismicity action in the study area. It should be noted that
a low seismicity coefficient value can clearly provide better
stability of the slope under study. Based on this analysis and
passing from one seismic coefficient to another with an in-
crement in 0.1, we notice the difference between their re-
spective safety factors, where, of course, an inverse propor-
tionality can be found. In addition, when the friction angle is
important, relatively high safety factor values are achieved
(the values obtained obviously depend on each case study).

The following graph (Fig. 6) shows that the influence of
the friction angle on the safety factor gradually decreases at
high seismicity coefficient values.

(@)
25
—&—FS, Phi=5
2.0 FS, Phi=20
= FS, Phi=30
2 15
S
g
s 1.0
n
0.5
0 1 2 3 4 5
Filling joints cohesion
(b)
25
——FS, Phi=5
2.0 FS, Phi=20
_ FS, Phi=30
2 15
S
g
< 1.0
w
0.5
0 1 2 3 4 5
Filling joints cohesion
(©
25
——FS, Phi=5
2.0 FS, Phi=20
. FS, Phi=30
g 15
8
g
< 1.0
%]
0.5
0 1 2 3 4 5

Filling joints cohesion
Figure 5. Safety factor variation for different values of cohesion
with sensitive values of the seismic component action:
(a) without seismic component; (b) with seismic compo-
nent equal to 0.1; (c) with seismic componant equal to 0.2

In this analysis, the cohesion value is 1.5 t/m?, which is
similar to the joint filling cohesion of the study project and
underlines the presence of rock slope instability regardless of
the seismic coefficient value.

In this study case, the cohesion C is equal to1.5 t/m?, the
friction angle phi is 20° and seismic coefficient is 0.1.

Considering the zero plunge and 284° trend, which repre-
sent the most unfavourable case for stability, and knowing
the values of cohesion and friction angle, as well from an
interval of values for the dip/dip direction of the different
joint families (Table 1), we obtain the graph Figure 7, repre-
senting the frequency of distribution of the safety factors
found using the adopted probabilistic approach.
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Figure 6. Variation of the safety factor for seismic coefficient
increment for different friction angle values and a fixed
cohesion value of 1.5 t/m?

=

Relative frequency
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0.722 0.753 0.784 0.815 0.846
Safety factor

Figure 7. Histogram of the safety factor occurrence frequency

3.4.2. Influence of the seismic action plunge and trend
on the rock slope stability

It is known that the seismic action is decomposed into
two actions (horizontal and vertical components). The orien-
tation of these actions can be in any plunge. Given that the
horizontal component is the most important, we obtain rela-
tively reduced plunge values.

Since the wedge formation at the rock slope level, de-
fined as following a fracturing system, is exposed to a risk of
instability for various reasons (water pressure, seismicity,
etc.), it is important to assess the degree of its instability.
Using the equations developed by Hoek and Bray, presented
previously, we can find the safety factor, which depends on
many parameters. We will focus in this part on the impact of
the seismic action orientation on the block stability.

The analysis consists in studying the application of a
seismic acceleration of 0.1 in horizontal orientation for dif-
ferent trends and then varying the plunge to determine where
seismicity has a considerable impact on the safety factor.

The most sensitive plunges that will be analysed are: ho-
rizontal action only (0° plunge) and plunges at the intersec-
tion of two by two joint families. The analysis of different
fracturing families has revealed the following data related to
the intersection of discontinuity planes (Table 3).

Table 3. Plunge and trend values for the intersection lines of
different joint families

Joint families S1 & S2 S2 & S3 S1 & S3
Line of intersection plunge 79.37° 53.00° 59.38°
Line of intersection trend 265° 265° 212.34°

Calculation of safety factors for all possible orientations
in different case studies provides a graph in Figure 8.

1.20
——FS, plunge 0°
1.15 FS, plunge 53.00°
1.10 ——FS, plunge 59.38°
FS, plunge 79.37°
1.05

Safety factor

1.00 /\
0.95 7 /

0.85

0.80

0 40 80 120 160 200 240 280 320 360

Trend value in degre

Figure 8. Evolution of the safety factor for different plunge and
trend values

From the graph we can observe that by varying the trend
over 360°, possible for any plunge, the FS values oscillate in a
sinusoidal way following two distinct functions specific to each
plunge value. We focused on this analysis as the pessimistic
case for a plunge of 0° and obtained the following function:

f (x) = 0.19416-sin (0.8726x : ij +0.9528;
180 ; (10)

0° < x < 206.28;

f (x) = 0.10644-sin 1.17096[X-L—27t] +0.9528;
180 . (1)

206.28° < x < 360°.

In addition, the analysis shows that the greater the plunge
of the seismic action, the more the risk and/or the importance
of the rock slope instability is reduced. For all analysed critical
orientations, there is always a risk of instability, especially in
the trend interval, which widens with increasing seismic action
inclination angle (Table 4). However, from a plunge of 68°,
we no longer obtain the stability of this rock slope, no matter
where the trend of the seismic action is applied. The plunge
relative to the intersection line of joint families 2 and 3 is a
part of this plunge range, giving rise to an insured instability.

Table 4. Trend interval of rock slope instability for different plunges

Interval of trends

Plunge, ® leading to instability
0 [0°, 18°] & [188°, 360°]
53.00 [0°, 48°] & [158°, 360°]
59.38 [0°, 59°] & [146°, 360°]
79.37 [0°, 360°]

This analysis made it possible to highlight critical trend
values that lead to a drop in the safety factor value (Table 4).
In the area of 284° trend, we obtain the minimum of FS va-
lues for the plunges 0, 53.00, 59.38, 79.37°, which are equal
to: 0.846, 0.872, 0.882, and 0.919, respectively.

This shows that the occurrence of a 284° earthquake,
located laterally to the slope disposition, which is oriented
at 260°, gives rise to an insured instability and a risk of
a slope failure.

The analysis also shows that by varying the FS with dif-
ferent trends, it is possible to obtain the most optimal case of
security, which is nothing more than the trend opposite to
that where the FS is minimal: trend 105°. We can then notice
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that the FS values are complementary to the opposite trend
values. This observation is evident from the fact that during
an earthquake, seismic waves propagate and orient in the
direction of the trend and in the opposite direction, in the
same plunge. For waves in the trend direction, the FS value
reduces and instability is likely to occur, while for waves in
the opposite trend, they lead to improved wedge stability.
Knowing the FS average sum and the FS of a trend al-
lows determining the FS at the opposite trend. The trend
curve plotted on the graph (Fig. 9) gives the equation below:

Y =-0.0013x +1.9787 . (12)

This curve shows that the greater the plunge, the more we
obtain an average value of the sum of safety factor for two
opposite trends that become increasingly weak, in addition to a
gradual decrease in the maximum amplitude of the curve rep-
resenting the plunge oscillations for different trends (Fig. 9).

The sum of safety factor

\\\
1.88 y =-0.0013x +1.9787

0 20 40 60 80 100
Plunges values

Figure 9. Arithmetic mean of the sum of safety factors of opposite
trends for different plunge values

As the previously obtained function is not unique, the ave-
rage value around which the safety factors oscillate for diffe-
rent trends is not equal to the average value of any of the two
oscillation functions (Table 5). But rather, the average FS
oscillation can be obtained by subdividing the arithmetic mean
of the sum of FS by 2, with an approximate error up to 2%.

Table 5. Specific values for arithmetic mean of the sum of opposite
trend safety factors for horizontal plunge, seismic action
plunge, and different lines of joint intersection plunges

Plunge 0° 53° 59.38°  79.37°
Arithmetic mean
of the sum of opposite  1.9823 1.9054 1.8995 1.8879

trend safety factors

This drop in the arithmetic mean of the FS sum with
changing plunges, observed in the curve above, and in addi-
tion to decreasing continually amplitude maximum oscilla-
tions, shows that from a certain plunge value the mean oscil-
lation value will be reduced so much that it will give rise to
the rock block instability regardless of the seismic action
direction. This aligns with the results of the analysis, devel-
oped previously, which showed that the critical plunge is 68°.

4, Conclusions

One of the major factors that should be taken into account
when studying the rock slope stability is the site seismicity.
We sometimes find a weak seismicity in a zone without
taking into account the impact, even weak, on the stability of

the rock blocks. It is observed that throughout this study, the
seismic coefficient value has different oscillations depending
on its orientation: its plunge and its trend, the value of the
plunge is known in advance. Each zone is a particular case
study, so the focus on our case study has highlighted the
values of critical trends in seismic action giving rise to cer-
tain instabilities, regardless of the plunge value along which
this action is applied.

The presence of joint families with different plunges and
trends that could fall within the range of critical values would
give rise to wedge instability formed by these joints. A strin-
gent analysis of joint orientation has revealed that if seismic
action is applied at one of the intersections of already known
joint families, then we would have insured instability. But
since the seismic action is applied towards a plunge, and the
trend is not known, there is then a risk of instability which
strongly depends on the trend value with an instability interval.

By following the method of probabilistic analysis, we
will find an interval of safety factor values for the wedge
stability. Therefore, the frequency of the seismic action will
not be a fixed value, but rather specific to each combination of
joint family orientations that allow to obtain a matrix of values
containing the safety factor distribution, which can be analysed
according to the predominance of the joint orientations.
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AHaJti3 cTIKOCTI KJIMHA B TPIIMHYBATHX CXMJIAX M’ SIKMX TFPCHLKUX NOPix

NPH Pi3HUX HANIPSIMKAX cellCMiYHMX KOMIIOHEHTIB

P. bennyna, JI. Yaxid, A. Axccac, A.C. Cenxamxi, I'. Bymaiig

Mera. [IpoBeneHHs1 aHai3y Ha YyTJIMBICTH U1 BUBYCHHS BIUIMBY HANPSMKIB CEHCMIYHOI Aii HA CTIMKICTh KJIMHA Y BHIIAJIKY CXHITY Tip-

CBKHX TIOpiJ B perioHi Yap3azart.

MeToauka. J{ys mocnifykeHHsT CTIHKOCTI KIMHA BUKOPHCTOBYBABCs IMOBIpHICHHHN Minxin, moB’si3anuii i3 merogom Monte-Kapio. Ilo-
Hepiie, aHali3yIOThCs XapaKTEePUCTHKU CIMEHCTB CTHKIB, — HampsMH Ta HamoBHeHHs. [TOTiM 3a IOMOMOrol0 piBHSIHB, PO3POOJICHUX
Jx. Bpeem (1981), BUB4a€eThCS BIUIMB CEHCMIYHOT [Iif Ha CTIHKICTD CXIUTY TIPCHKUX MOPiA AJs HAWOUIBII Yy TIMBUX 3aHypeHb. L{i piBHAHHS
JIO3BOJISIIOTH OCTATOYHO BU3HAYUTH KOS(IIIEHT 3aracy MIiIHOCTI JUIsl IIPOTHO3YBaHHA CTIHKOCTI KIIWHA.

Pe3yabTaTtu. Bugineno niama3oHd 3Ha4eHb HANPSIMKIB CEHCMIYHOI [il, 10 MPU3BOASATE IO PYWHYBaHHS KIIMHY TipCHKHX mopia. BuzHa-
4eHi MiHIMaJIbHI 3HaYeHHs KoedillieHTa 3amacy MIIIHOCTI B paifoHi TeKTOHIUHOT JiHii 284°, 110 Oynu OTpHMaHi IS Pi3HUX MPOaHai30BaHHUX
3aHypeHb. BCTaHOBIICHO, 1110 BUHUKHEHHS 3eMJIETPYCy MiJ KyToM 284° i aTepainbHillie 10 po3TallyBaHHS CXHILY, OPIEHTOBAHOTO ITiJi KYTOM

260°, cTBOprO€E HEOE3MeKy HOro 0OBaeHHS.

HaykoBa HoBH3HA. J[0CiiKEHHS CTIKOCTI CXHJTY TipCHKUX MOPIM JO3BOJIIIO BIEpINE 3HAWTH MiHIMaJIbHI 3HAUeHHS KoedilieHTa 3arma-
Cy MIIIHOCTI 3aJISKHO BiJ CIIPSIMOBAHOCTI CEHCMiYHOI il IUISIXOM BHBYEHHS HOTO YyTJIMBOCTI O BCIX MOJMIIMBHX HAmpsMiB: KOMOiHaIil

3aHypeHb | TeKTOHIYHUX JiHiH.

IpakTnyHa 3HaYuMicTs. Lleil anani3 103BONISE€ BU3HAYNTH, SIKOO O He Oylia CIPsIMOBaHICTh CeHCMIYHOT /1ii, KoeDIIlieHT 3amacy MilHO-
CTi, IO BIIMOBIZa€ CTIMKOCTI CXMJIY TIPpCHKUX mopia. TakuM 4MHOM, MOXKe OyTH MPUUHATO PIllICHHS MO BiAMOBiTHE 3MIIHEHHS VIS 3a0e3-
MEeYCHHS CTIHKOCTI CXMITY TiPCHKUX TOPiJ, 3BO)KaI0YM Ha BUIAJI0K HAWOIIBII HECTIPUSITINBOI CIIPIMOBAHOCTI ceiicMiuHOT ail, 1o Moxe OyTn

BUSIBJICHA y 1IbOMY QHAJIi3i.

Knrouosi cnosa: cmiiikicmo, ceticmiynicms, 3’ €OHaHHS, 3aHYPEHHS, MEKMOHIYHA NiHIs, KOe@IiyicHm 3anacy MiyHOCmI, mpiuuHy8amicme
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