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SYNOPSIS: To find the reasons for the occurrence of stability failure hazard in the slope of a deep opencast, the results of geotechnical 

investigations carried out in the tim e span of 30 years in various laboratories were compared. S tability estimates differed considerably from one 

interpretation method to another, even if the same calculating method was applied (Janbu approach). Thus, the interpretation of the geological 

conditions including the inhomogeneity of each series, the occurrence of many series, as well as any structural disturbances and discontinuities 

and of the results of laboratory tests exerts a noticeable influence on the determination of the design parameters.

INTRODUCTION

The potentiality for stability failure in a deep-opencast slope (which acts as 
a protecting pillar for a river flowing parallel to it) gave us a spur to initiate 
geotechnical investigations in this region. This event made it possible not only 
to compare the result obtained by various investigators and in different time 
spans, but also to verify the material parameter values predicted on the basis 
of laboratory tests. As the conventional approach to the problem had not 
revealed any failure hazard, we decided to analyse the factors affecting the 
results o f stability calculations in more detail than usual. For structurally 
disturbed soils (and such is the case under study) a detailed analysis is of 
prime importance. Thus, we took into account the estimation o f the design 
parameters, as well as the determination of the scheme of calculations. We 
neglected the contribution of the calculating method because o f the complex 
structure of the soil mass and, consequently, because of the lack of knowl
edge of the stress-strain relations. Of the available methods, only those dealt 
with in the limit state theory seemed to be appropriate for our purpose. At 
determined geological conditions, the choice of one or another calculating 
methods is without any significance.

SITE CONDITIONS AND FACTS
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Figure 1 shows the plane o f the failure hazard region with two principal 
faults, as well as the distribution of discontinuities which appeared in the time 
span from July to December 1989. The formation of cracks was associated 
with developing (in the direction o f the opencast) displacements of the soil 
mass separated by the principal gravitational faults, as well as by the cracks 
on the top level (+222) and at the excavation bottom (+125). The black 
points of the bench marks (in F ig .l)  correspond to the most intensive hori
zontal movements. Samples for laboratory testing were recovered from 
inclinometer boreholes established after the first cracks had appeared. The 
geological cross-section (in the b-b line) is shown in Fig.2.

The litho-stratygraphical profile is built o f (1) crystalline formations (granites 
and gneiss-granite), (2) Tertiary formations (residues o f granite (GR), basalt 
(BR) and tuff (TR); brown coal seam I (BC-I) and brown coal seam II (BC- 
II); cohesive deposits: underlying (US) and interseam series (IS)), and 
Quaternary formations (gravels, sands and loams). The underlying and 
interseam series consist of clays, coaly clays and sandy clays.

Structural surfaces (which form the roof of residual soils, as well as the roofs 
of the underlying and interseam series) are slope-consequent and range from 
7 to 10°. These structural surfaces have been disturbed not only by the two 
principal faults, but also by some smaller faults of a similar strike and an 
opposite dip. Both interseam series and brown coal seam II are fissured. 
Clays of the underlying series are characterized by numerous slickensides.

The Quarternary aquifer disappeared as a result o f dewatering prior to 
excavation. The Tertiary aquifer (in brown coal seam II) is attributed some 
small leakages which are observed on the scarps.

In the late fifties the decision was made to develop the mine, and this fact 
called for geotechnical investigations to support the designers’ work. The 
results were made use of in two different Geological projects (1961, 1983). 
The project of 1983 anticipated a slope of a height amounting to 180m, a 
general inclination of 3:1, an inclination angle of the upper bench scarp

+ 3 8 1 /8 0

v *

\

Fig. I .  Map of the region showing discontinuity distribution
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amounting to 34“. an inclination angle of the other soil scarps equal to 63°, 
an inclination angle of the brown coal scarps amounting to 76". a bench width 
o f 50m, and a distance between the upper slope edge and the river amounting 

at least to 126m.

T ab le  1. P roperties o f  the soil mass

The operation of the mine had been running without serious disturbances until 
the cutting of a successive bench was initiated in 1989. In July 1989, there 
appeared a number o f cracks in the vicinity of the southern principal fault 
(F ig .l). As a result, mining activity was discontinued and preventive 
measures were taken. Within the following month, the cracks extended over 
a large area. On the scarps and levels there appeared semicircular cracks, 
parallel to the slope, extending from the bottom of the excavation to the top 
level. Packets of thin layers were also found to creep out of the scarp of 
brown coal seam II. The most noticeable horizontal displacements (measured 
by inclinometers) occurred in the roof zone of residual soil. The history of 
the phenomena involved, as well as the history o f the observations and 
measurements performed, is described in many authors’ papers (1990).

RESULTS O F  G EO TECH N ICA L INVESTIGATIONS

In our analysis neglected were all those soil series which had no contribution 
to the failure hazard (e.g., the thin Quarternary sediments); we only 
considered Tertiary deposits. Because of the insufficiently accurate data of the 
two projects (1961 and 1983), we analysed their conclusions jointly. As the 
results o f the latest investigations were made available in 1991 (Geological 
project), we shall use them for comparative purposes to establish how the 
extension of the investigated area influences the values of the material 
characteristics. The averages of some major material characteristics are listed 
in Table 1. The differences in the results between the report (Suchnicka et. 
al.(1990)) and the remaining projects should be attributed to the fact that our

W at. cont. D ensity o f Limits Strength param eters

Refs soil sol.part. liquid plastic average design

w P P, .... ' _ <P c <P c

% t/m 3 t/m 3 % % x° M Pa x° M Pa

[1]&[3] 20.7 1.93 _ 38.7 23.5 18.8 0.228 _ _
Interseam IC [4] 18.5 1.98 2.63 39.7 21.8 22.2 0.185 20.9 0.162
Series [4a] 19.1 1.98 2.65 39.4 23 .0 22.2 0.185 - -

[ 6 ] 32.7 1.86 - 57.7 - 12.1 0.332 6.0 0.243

[ 6 ] 34.0 1.97 - 60.0 - 8.0 0 .064 6.3 0.050

[1]&[3] 18.6 1.95 _ 35.3 21.7 20.8 0.249 _ _
Underlying [4] 25.1 1.91 2.67 58.5 27.6 20.9 0.169 18.3 0.131

Series [4a] 23.0 2 .00 2.71 51.1 27 .0 24.4 0.228 - -

[ 6 ] 28.2 1.96 - 42 .2 - 9.5 0.281 4.7 0.223

[1]&[3] 38.9 1.74 2.30 69 .0 36.0 3.5 0.071 _ _
Coaly [4] 38.0 1.64 2.40 67 .0 35.0 20.0 0.171 18.5 0.132

Clay [4a] 31.1 1.72 2.41 53.4 35.4 21.2 0 .242 - -

[6] 60 .4 1.55 2.41 62 .0 45 .0 7.5 0.071 3.7 0.035

[1] 59.0 1.38 1.63 52.0 29.3 20.2 0.123 _ _
Brown BC [4] 94.2 1.30 - - - 36.0 1.000 46 .0 0.540
Coal [5] - 1.20 - - - 11.5 0.068 11.5 0.068

R [1]&[3] 29 .0 1.90 _ 57.0 31.0 20.5 0 .120 _ _

[4] 35.3 1.79 2.73 126.2 38.9 24.1 0 .186 24 .0 0.101

BR [4a] 40.5 1.73 2.73 106.5 42.9 21.3 0.118 - -

(H) [6] 33.6 1.83 2.71 65.6 31.6 17.5 0 .174 - -

[4] 31.5 1.84 2.73 107.4 35.8 19.8 0.172 19.7 0.131

TR [4a] 38.0 1.75 2.73 152.0 45.1 21.6 0 .140 - -

(L) [6] 16.2 2.12 2.69 28.1 15.6 30.1 0.031 - -

50
<D (H) [6] 29.3 1.97 2.79 62.2 30.4 12.4 0.245 - -

Ih
<D TR t (H) [6] 35.1 1.82 2.84 52.5 26.4 5.8 0.071 - -

[4] 27 .9 1.87 2.73 84.7 29.9 24.4 0.136 24.3 0 .090
• o GR [4a] 33.2 1.84 2.75 112.0 34.9 25.4 0.135 - -
C/5
CD (L) [ 6 ] 13.8 2.09 2.66 24.8 12.3 34.6 0.038 - -

OC
(I) [ 6 ] 16.8 2 .10 2.67 33.1 17.9 15.6 0.140 - -

R(L) [6] 15.0 2.11 2.68 26.5 14.0 32.1 0.032 29.3 0.016

R(I) [6] 16.8 2 .10 2.67 33.1 17.9 15.6 0 .140 7.8 0.081

R(H) [6] 29 .8 1.93 2.76 60.0 29.0 16.8 0.195 12.6 0 .144

Rr(H) [ 6 ] 37.6 1.80 2.88 59.5 28.7 5 .2 0 .072 2.6 0 .044
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Table 2. Examples of the soil property scatters
S

er
ie

s

P roperty
A ccording to:

[3] [4] [6]

<S
•c w % 12.6-30.0 6.1-69.1 23 .0 -38 .0

on P t/m 3 1.65-2.18 1.10-2.18 1.82-2.09
e P. t/m 3 - 1.98-2.78 2.65-2 .94
8
<A WL % 24-55 19-88 49-76
4> Wp % 15-31 8-79 23-37

*“■ fj % - 13-82 43-59

3
"d w % 6-41 *) 12-42 10-50

<s p t/m 3 1.76-2.08 1.66-2.14 1.71-2.17
Pi

Pa t/m 3 2.63-2 .82 2.64-2 .86

5
W L % 28-96 25-156 25-93

Ô
wp % 17-37 11-46 12-41

f; % -
10-40 0-44

*) for all residual soils, f¡ - clay fraction

samples were taken so as to include the weakest material.

To illustrate the inhomogeneity of the soil within the same series we took into 
account the interseam series and granite residue (Table 2). While figure 3 
shows the range of inhomogeneity on the example o f soil series from the 
failure hazard regions. It seemed therefore advisable to distinguish subsets of 
samples which would less differ in their inhomogeneity, by making use of the 
plasticity criterion. The subsets thus obtained were denoted by (L), (I) and
(H) for low, intermediate and high plasticity, respectively. (Fur illustration 
GR (H) stands for residual granite soil of high plasticity). But there was also 
a need to distinguish specimen subsets in terms of the failure type criterion. 
In this way two failure types were found. Subjected to strain-controlled 
undrained triaxial compression tests, some of the specimens underwent brittle 
failure, developing after the stress had reached the peak values, others dis
played non-brittle failure with noticeably lower shear resistance in a state of 
plastic yield. (The yield failure subset has been denoted by the subscript r; for 
example, GRr). Table 1 includes only values o f c and (because of 1 

dewatering, the values of c’ and <p' differ slightly from those of c, <p). Our 
analysis has shown that what attributes the residual soil specimens to the 
revelant subset is not so much their lithological type as their plasticity and 
failure type.

The same distinction into subset has been made in Table 1. Thus, the fact that 
this detailed information on the soil mass has been neglected by the designers, 
explains the differences in the strength parameter values between Projects 
(1961, 1983, 1991) and (Suchnicka et al. (1990)). These differences pertain 
to the higher internal friction angle and the lower cohesion values.

For a reliable stability evaluation it is o f prime importance that the estimation 
of the material parameter values (i.e. those o f the design parameters) be 
adequate. Apart from the knowledge of relevant literature references, the 
investigator’s own experience may also be of significance. The values of 
Table 1 were established by linear regression at a confidence coefficient of
0.95 and by anticipating that

S e rie s IS US BR GR TR

ip
[7J

g o y 4 0

A 20 20

Sym bol ? ■f à

y
AX/
&

A ke
♦ Á A t

— -

2 0  4 0  60  8 0  WL 

[%]

F ig . 3 . Sam ple location (a) on F e re t’s triangle , (b) in plasticity  chart 

Dmitruk et al. (1976). In this method use is made of the formula:

(2)

where A is an empirical coefficient, and r n, Tn are limit shear resistances of 
the contacting materials. For the clay/sand, clay/ brown coal or clay/ silt 
bedding planes it is recommended that A-values o f 0.35, 0.30 and 0.28, 
respectively, be adopted.

When adopting the scheme of calculations, we should take into account the 
existence of structural surfaces, as well as that o f some other discontinuities 
such as faults, fissures, cracks and slickensides. That is why we assumed slip 
surfaces as those shown in Fig.4.

The contribution o f all the factors mentioned in this paper, which affect the 
results o f stability calculations, was investigated on a real example. Calcula
tions were carried out according to the assumption o f the Janbu method (with 
some modifications). The thrust line was located at one third o f the slice 
height, except the ending slices.

As shown in Fig.4, three potential slip surfaces were considered. The shear 
resistances o f the bedding planes were assumed to be: ( 1) the same as for 
weaker series, (2) the same as for the bedding zone (if possible, e.g. for 
coaly clay), and (3) according to Eq.(2). Different states of structure 
disturbances were considered: from undisturbed structure through structure 
with 50% disturbance to structure with complete disturbance (the latter is 
equivalent to residual strength and to the subsets denoted by the subscript r 
in Table 1). The strength of the brown coal seams which was equivalent to 
intact conditions did not indicate any stability failure hazard whatsoever. That 
is why the strength of brown coal was described as follows: (1) in terms of 
strength parameters established by back analysis of failure according to many 
authors’ papers (1990) or (2) in terms of parameters assigned to residual 
strength.

<P+<P„
(I)

where c and <p are average values, and cmi„ and <pmi„ are minimal values of the 
parameters. But if the minimal values are smaller than zero, they should be 
adopted as equal to zero.

S T A B IL IT Y  C A L C U L A T IO N  A N D  A N A L Y S IS

Practice shows that the most disadvantageous conditions (in terms of the shear 
strength of the soil series) are those in the bedding planes. Since laboratory 
tests not always enable estimation of such values, it is conventional to make 
use of approximate solutions. An example to illustrate this is the method of 
determining the soil shear strength o f the bedding zone (r„,) suggested by

F ig . 4 . Schem e o f  calculation
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Table 3. Safety factor values
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Brown coal strength

c =  68 kPa ip = 11.5° c =  0 kPa v5=  18°

Design strength parameters for soils

intact disturbed intact disturbed

50% 100% 50% 100%

IS 4.21 2.62 1.60 3.91 2.40 1.25

1-2-3 2-3 Î 5.14

CC 1.27 - - 0 .90 - -

US 2.7'3 1.99 1.24 2.58 1.83 1.08

1-2-5-6-9 5-6 i 4.11

CC 1.33 - - 1.15 -

R d) 1.90 1.84 1.12 1.78 1.72 1.00

1-2-7-8-9 7-8 R(H) 3.38 2.32 1.95 0 .94 2.19 1.82 0.80

UC/R 1.95 1.74 0.88 1.83 1.61 0 .74

(a, and a, are principal stresses). To calculate the design strength parameters 
we suggest that the method used in the present paper: Eq.(l) should be 
applied, as it provides a satisfying solution to the problem. We must admit, 
however, that the method proposed leads to rather low design parameters, 
when the sets o f results for inhomogeneous soils are not numerous. The 
minimum parameter values included in Eq.(l) for inhomogeneous series may 
approach (or even "drop below") zero.

SUMMARY AND CONCLUSIONS

It is not reasonable, and even infeasible, to divide the soil mass into detailed 
soil units when engineering objects and structures extend over a large area of 
this soil mass. That is why each of the separated soil series displays a high 
random inhomogeneity. Stability analysis o f a real slope substantiated the 
effect o f interpretation on the prediction of the engineering structure 
behaviour.

If we neglect the various properties o f the soil specimens included in one set 
(plasticity, failure type, etc.), we shall arrive at inadequate values o f the 
material parameters, which describe the soil behaviour under natural 
conditions.

Calculation were carried out for the design parameter values quoted by 
Suchnicka et al. (1990)). For comparison, slope stability was estimated at the 
average parameter values included in Complex geological project (1983). The 
results (expressed as safety factor F) are listed in Table 3.

Calculations were performed on an IBM-PC, using an original program 
written in TURBO-PASCAL which wdrked in interactive mode, thus enabling 
observation of the result during interactions, as well as immediate alterations 
in the position o f the thrust line.

Despite the high inhomogeneity o f the soil in particular series, the data sets 
obtained primarily for soils o f underlying and interseam series (but also for 
residual soils) show that the average values o f the physical parameters are 
similar. Noticeable differences-particularly in relation to strength parameters- 
are found in (Suchnicka et al. (1990)). These differences should be attributed 
not only to the selection of samples, but also to the interpretation of the 
results presented there. As shown by the data o f Table 1, there is a close 
relationship between the values o f the shear strength parameters for residual 
soils and the values o f plasticity. When this relation is neglected (especially 
at insufficient sampling of the soil mass or at a lack of information on the 
spacing o f each lithological type of residual soil), it will be impossible to 
include the most undesirable conditions in the calculations even hypothetical
ly. The potentiality for the occurrence of an unfavourable situation for 
residual soils has been suggested by the (now and then) very high plasticity 
values reported in the Geological project (1991).
Rheological influences were not found to be responsible for the increasing 
stability failure hazard.

The lack of adequacy between stability estimates (derived not only on the 
basis o f average parameter values, but o f the design parameter values as well) 
and the phenomena observed on the slope can be explained as being due to 
inappropriate sampling, to the insufficiency of laboratory tests for the 
representation of the material properties in the soil mass, as well as to the 
inadequate interpretation of real conditions. If the disturbance o f the soil mass 
(confirmed by geological conditions and by test results) is taken into account, 
the safety factor will reach values indicative o f stability failure hazard. It fol
lows that the results o f  stability analysis are noticeably influenced by what is 
considered when interpreting the site conditions. That the effect o f the 
interpretation of the process on the results o f the stability calculations can be 
particularly distinct, is shown by the F-values o f Table 3.

When adopting the scheme of calculations, it is essential to remember that 
soil strength is the lowest in the bedding plane. The problem itself is still far 
from being understood, particularly if we aim at determining the coefficient 
A incorporated in Eq.(2). The scheme of calculation should include the 
potential zones of the least advantageous material properties. And this calls 
for accurate estimation of soil structure disturbances, for accurate determina
tion Of their occurrences and for the verification of their influence on stability 
conditions.
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In the case o f non-homogeneous soils, the method by which the results of 
strength tests are interpreted is of prime importance. The interpretation should 
make use o f the following form of the failure condition:

N n j  2a « ,  (3)

l-sin<fp l-sin<t>

1 0 2 0


