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Landslide due to unloading of the hill

Glissement de terrain di a la décompression d'une colline

R. J. IZBICKI, Lecturer, Technical University of Wroctaw, Poland
J. GIERWIELANIEC, Assistant Professor, Technical University of Wroctaw, Poland

SYNOPSIS

It has become an increasingly frequent practice that technical aspects alone

are considered in geotechnic undertaking, while natural conditions are neglected., Such an appro-
ach may lead to serious consequences, e.g. to failure during mining operations, to say nothing of
a number of adverse economic effects. In this paper, a large landslide of an active nature,

which has been contributed by the unloading of the hill, is analyzed. The failure was associated
with the removal of a basanite cover from the top of the hill. The total thickness of basanite
cover amounted to about 90 m. The volume of the sliding mass has been estimated to be approxima-
tely 6x10°m’ with an approximate weight of 132x10° kN.

INTRODUCTION

The investigations of a basanite quarry and of
the immediate vicinity which had been conduc-
ted for several years enabled observations of

a landslide developing on the western hill-
gide (443.3 m above sea level, Fig.1). Apart
from geological field investigations, determi-
nations were carried out for the physical and
mechanical features of soil and rocks. Mecha-
nical analysis of the slope stability involved
non~conventional methods.

There is no doubt that an appropriate and
reliable determination of phenomena associated
with landslide requires knowledge of geologi~-
cal conditions, The same knowledge is indispen-
gable when selecting a non-conventional method
for stability analysis which are better suited
to represent natural reality. It is also essen~-
tial to have the knowledge of (as well as the
ability to predict) the geological and hydro-
logical conditions, when determining the actual
values of geotechnical soil-parameters for the
considered moment of the process,

GEOLOGICAL ASPECTS OF SLIDE

Geology of the area

The region of interest belongs to the Westerm
Sudeten Mountains. It is situated in the south-
eastern part of the Kaczawskie Mountains. Its
geological structure includes Palaeozoic,
Mesozoic and Cainozoic forms.

Palaezoic forms are represented by metamorphic
rocks of Ordovician and Silurian systema. They
are characterized by the occurrence of grey
phyllites (which are predominant there) and
diabases (which are predominantly cleaved). The
Permian system is not completly developed. It
belongs to rotliegendes and Permian limestone.
VWhile rotliegendes occurs in the form of con-
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Pig.1 Geological Sketch of the Quarry Area:
T.g - arkose sandstones with basanitic debris,
g1+Bg = loam with basanitic debris, Bg = bassa~-
nitic debris with breccia, B - basanite, T, =
soft arkose sandstones, Z, - sandstones, clay
¢lates and dolomitic limeStones, h ~ taluses
of basanites
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glomeratrs and sandstones with numerous rhyoli-
te inclusions, Permian limestone consists of

“four cyclothems referrcd to as 24+ Zps 2y and
Z4. The hill contains Z1 and Z4. Thus, Z1 [SXeIRES

pric=s calcium-cartoniferousz rocks, dolouites,
and marls (containing sulphidcs of copper and
other metals). Z4 begins with a plaic dolomite

with superimposed bunter san:distone shales,
sandstone interbeddingzs s.id sandstone.
lcsozoic forms are represented by the Triasuic
system with bunter sandstonc alone (also con-
taining arkoss).

Cainozoic forms include Tcrtiary and Quaternary
systems. Tertiary is represented by basanites
alone. They constitute the top, as well as the
northern and south-viestern slopes of the hill.
Predominant are black, cohesive basanites hav-
ing a columnn=-like structure., The southern,
eastern and western slopes of the hill are fo-
unded on volcanic breccia. The Quaternary sys-
tem is not complete. The area under study con-
sists of rubble, boulder clay, as well as of
blocks of rocks, all of them resting on the Z4
Permian and Lower Triassic sandstones, Predo-
minant are sandy clays including basanite and
volcanic breccia.

Tectonics

The area is characterized by the occurrence of
faults of SW and SE direction: Wilcza Fault I
and Wilcza Fault IT are running rarallel to one
another to delimit a rift valley. In the vicini-
ty of the hill, the northern section of Wilcza
FPault I is lower than ite southern section by
70,0 m. The bacanites occurring there are

highly cracked, brecciated and cleaved. Wilcza
Fault II with its throw of fault amplitude of

40 to 100 m accounts for the depression in its
southern section.

Konradéw Fault (having an almost N-S direction)
brings about a movement of Ordovician, rotlie-
gendes and Permian limestone forms along a dis=-
tance of 50 to 100 m to throw them away within
30 and 50 m. In the W direction the fault sur-
face shows a dip at an angle of 30 to 4% . The
western part of the fault (at the point of lanc-
slide) consists of basanitic debris in a combi-
nation with boulder clay and tectonic clays
(formed as a result of trituration of volcanic
breccia, Permian sandstone and plate limestone).
The eactern section of the fault surface exhi-
bits strongly cleaved basanites. In gencrcl,
this is a fault zone with a number of cracks

an¢ small faults running parallel to one another.

Krzenidw Fault (1/0W=-2174 direction) develozs
along the bed of an intecrmittent strcam and dis-
places the alluvium of the Lower Triassic andé
Permian lincztone at a distance tetween 10 and
20 m,

The mejor type of tectonic deforimiations found

in thisg arcea is rock cracks. Prevailing cracking
direction is that of I'=JE and that of N:-S'.
They are characterizcd bty a wide range of angleci
of dip., Cracks developing in the NNVW-SSE direc-
vion are less frequent.

vatcr systen

The water zystem in the area under study con-
gists primarily of rain water and under;round
watler discharged from Permian and Lower
Triassic sandstonec.
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CHARACTERISTIC OF LAWDsLIDE

It is the Konroddw Fault that formas the upper
edge of the landslidc. In its  lcwcer part ,
the slicde rcst on a decp vallcy of a uttrecam
(Fige1). Thc development of the landslide be-
camne cvident in 197¢ during levellins on t?e
viestern slope of the hill, when about 4x10 a3
of rocit ncterial had teen rcitoved., The slidce
developed in a nuaver of successive steges and
is 3til1? active. The slip surfacce werc found
to develop parcllel or perpencdicular to the
fault plones, in the lithologicel interlacc
between the Z4 sandstonc and clay slatc.

The 1979-19G1 survey data shou that the edge
of the landslide dopresses continuclly (=3.4m).
The suspenand zection of the Konraddw: Tuult
wag Tound to have riscn by +0.358 m in that
period ol time. The positive vertical movencnt
of the basanite hill is supposed to be azsocia-
ted with the unloading of the rock nazs.

ANALYSIS OPF THE SLOP& CRITICAL HELUILIBRIUL

Taking into account the occurrence of determi-
ned slip surfaces wnich appear on the soil mass
in the form of fault, cracks and small faults,
a non-conventional rethod was appliecd to stabi-
lity analysis (called the gencralized limit
equilibrium method, GLEK). In this method, the
inclinations of the slices may be known in
advance or they may te chosen in such a way
that a kinematic slip mechanism will develop.
The idea of inclined failure planes inside the
failed mass was made usc of by Karal (1977).
The GLIH belongs to the class of upper bound
solutions in the thcory of plassticity (cf.
Kisiel et al., 1981). Hence, for the critical
equilibrium and the associated flow law, the
upper bound of the extermination parameter (F =
factor of safety, P = external load, etc.) can
be obtained

(i) from total work balance (energy approach,
Karal, 1977),

(ii) or Ly making use of the equilibrium condi-
tions for the field of forces associated
with the assumed kinematically adnissible
failure nechanism (equilibriun approach).

Both approaches are equivalent. In this paper,

we apply thc equilibrium apuroach.

The internal forces actinzg on the ith slice are

shown in PFig.2. The co-ordinatves of the points

where the forces are acting, are denotes a3

X950Y14 etc. For brevity, we viritc sini1i = 31?

cos(1i = C1i’ etc. The co=-ordinatcs of the cen=-
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Fig.3 Failure Mechanism for Post-Critical State
—CA. S.. ol [ w..] cal. Thus, by virtue of the Coulomb failure
2i 2i ei condition, we may write for all of the internal
+ =S21 Coy Y kT,i|+  forces 1
5p3%517Cp3¥5; Co3Xps+5,5¥5: O | O | T = Fk[(N-U)tan¢'+ dl] ’ (4)
C34 S34 0 i NBi. where U is force due to pore water pressure, F
. -S.. c.. 0 kDo . indicates the upper bound to the factor of sa-
5. i C31 , 31 31 fety, and 1 denotes the length of shear plane.
| ©3i%317V31931 ~C43;%33+533¥5; O] [ O Of the set of Eqs.3, considering Egs.4, the

or as
Uy + Py o= HyyQqy + Hp3Q05 + H33Q35 5 (2
where factor k=*1 defines the kinematically ad-
missible direction of the shear forces, Z de-
notes sunmmation over all of the external loads

Pj and moments Mj on the slice and x%i=x1i-x3i,

¥11=¥1i~¥gi» ete.
For all slices, the equations of equilibrium
can take a matrix form

(3)

W+ P=HQ ,

where W is body forces vector, P is external
load vector, Q is a vector of internal inter-
actions on the surfaces bounding the slice, and
H is coefficient matrix.

Assume that the factor of safety on the internal
shear planes and on the slip surface are identi-

equations describing the vertical and horizontal
equilibrium are sufficient to determine the
upper bound of the factor of safety, as well as
the values of internal forces, by applying a
procedure of trial and error. The solution for
the last slice n requires that the condition
Q2n+1'n=0 be fulfilled. The equations of mo=-

ments can be used for determining the line of
thrust of forces acting on the internal shear
planes (cf, Sarma, 1979).

The GLEM can also be employed in the case of
non=-associated flow law to the estimation of the
kinematical value (not upper bound) of the fac-
tor of safety Fkn' Then, the average parameters

tang’ and ¢’ for failure surfaces should be subs-
tituted by ,

» _ _ cosysing ’

tan¢s = and Cq

1-ginysing

. Ccosycosg’ (5)
1=-ginysing’
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respectively, wherey 1s angle of dilatancy (cf.
Davis, 1968).

It is not reasonable to adopt the value of Fk =
1.25 (calculated for peak strength parameters

¢, and c; for soil mass, and residual parameters
¢, and c, along fault AB, Fig.2), because sli-
ding is a progressive process associated with
the unloading of the hill, the reactivation of
movements along determined slip surfaces, and
the drop of strength to the residual value. In
fact, repeating calculations for the residual
gtrength along the cracks and small faults, we
obtain an acceptable value of the factor of sa-
fety, which is now 0.96. It has been assumed
that pore pressure 1is acting on the slip surfa-
ce and that the faults are filled with water.
This example is a clear indication that the va-
lue of the safety factor is influenced by the
shear strength on the internal shear surfaces.

It is worth noting that if the non-associated
flow law and an incompressibility (yw=0)are dealt
with, the GLEM yields, respectively, the follow=-
ing values of the kinematic estimate, F. =1.21
and 0.94 (both approach the previously 88termi-
ned values of the upper bound). This result is
not surprising in the case of critical equilib-
rium (cf. Zienkiewicz et al., 1975). Major dif=-
ferencesbetween associated and non-associated
flow law were found to occur in the field of de-
formations in general, and advanced plastic de-=
formations in particular.

ESTIMATION OF POST-FAILURE SLOPE MOVEMENTS

Now estimate how far the sliding mass will tra-
vel in the case of a quasi-static motion. Assu-
me that during motion, the mass of slices 1, 2
and 5 decreases and the mass of slices 3, 4, 6
and 7 (forced on the surface of base) increases
(Pig.3). Also assume that if the state of advan-
ced plastic deformations occurs, then the non-
associated flow law with w=0 is valid. The in-
cremental problem can be solved for small varia-
tions in geometry.

If a slope is initially in the critical state
there may occur an infinitesimal motion along
slip surface, when external force P=0(the value
of this force may be interpreted as the slope
load capacity margin), It is assumed that, once
the critical equilibrium has been exceeded, even
at an infinitely small displacements (as compa-
red to their final value), the strength along
slip surface immediately drops to residual., To
maintain a static equilibrium it is necessary to
employ a given force P, of a sense opposite to
that shown in Pig.3. The value of this force may
be determined from the equilibrium conditions
(Egs.3) for Fy,=1. During quasi-static motion

associated with the forcing-through of slices 4,
5, 6 and 7 with increasing mass, force P (direc=-
ted upward) decreases gradually to reach zero at
a given displacement value, and from those con-
tinues to increase. Thus the value of force P

may be plotted by a static curve L1M2L2L4(Fig.@.

In the case of a quasi-static motion, point L2

ig ldentical with the point at which the posi-
tion of a new equilibrium is achieved, and for

which the travel distance Smax = 50 m.
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CONCLUSIONS

An appropriate and reliable analysis of land=-
slides requires knowledge of the geological and
hydrological conditions. This knowledge makes
it possible to select a non-conventional
method of stability analysis as well as to de-
termine the actual values of soil strength pa-
rameters for the considered moment of the pro-
cess.,

Observations, as well as the mechanical analy-
sis presented here, concern one of the many
landslides that originate and develop contem-
porarily. However, the considerations and
methods involved in this study may also be
utility in solving other failure problems,
The methods presented make use of the kinema-=
tics of sliding elements. It is obvious that
there is still scope for the development of
both limit analysis and limit equilibrium
methods of stability analysis, in which diffe-
rent procedures may serve different purposes,

of
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