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ABSTRACT: A very complex slope failure took place at an open-pit coal mine in 1984 in the eastern Tur-
key. The earlier investigations showed that a basal clay layer at the bottom of the coal seam was the main
cause of the failure. The failure took place while the coal seam was uncovered. In this study, a series of back
analyses utilizing the information of geotechnical investigations before and after the failure and static and
dynamic limiting equilibrium techniques and finite element analyses were performed, and their outcomes
are presented and discussed. It is shown that the failure process was complex and involved the buckling of
the lignite seam, sliding along the basal clay layer and shearing failure of overburden layers. The drainage
conditions also played an important role in the initiation of the failure. Once the failure as initiated, the failure
developed rapidly.

1 INTRODUCTION information of geotechnical investigations before
and after the failure, and static and dynamic limiting
The failure of slopes during mining operations  equilibrium techniques and finite element method
results in not only loss of the mining machinery but ~ were performed. The outcomes of these analyses are
also human lives which make the mining operations ~ presented and discussed.
become very costly. Therefore, a good design is
necessary before the initiation of mining operations
since any change of design later on will result in high
cost and time loss.

A very complex failure took place at the north-
eastern slope of the Kislakdy open-pit mine of The Afsin-Elbistan basin is a closed basin and is
Afsin-Elbistan Lignite Mining Complex in the  formed as a result of uplifting of Toros (Taurus)
Eastern Turkey in 1984. The pit-floor heaved upasa  Mountain range at the end of Alps orogenesis. The
result of the buckling failure of the lignite seam and  basin is uplifted and is subjected to a thrust aligned
a combined form of shear and sliding failure of min-  in the direction of NW-SE. There are normal faults,
ing benches occurred. The investigations showed  whose strikes are aligned NW-SE and dip to south
that weak clay layers existed in the lignite seam of  with an inclination of 70-90°. The orientation of
about 20 m thick and one of these clay layers played  these faults are also indicative of ongoing NW-SE
an important role in the failure (Ulusay et al. 1986).  thrust type stress regime (Ketin 1984).

In this paper, the authors re-consider the 1984 fail- The basal rock unit is limestone of Permo-
ure from another point of view. Previous analyses  Carboniferous age (Fig. 1). Both the later units and
for the assessment of stability of these slopes were  lignite deposits were formed during the Tertiary
based on combined failure surfaces partly passing  period. The deposits above the basal limestone
through the slope forming materials and partly along  and their characteristics from the bottom to top are
the basal clay layer (Ulusay et al. 1986). Examining  briefly described below.

2 GEOLOGY AND HYDROGEOLOGY

2.1 Geology

the photographs of the failure, the heaved lignite The unit underlaying lignite consists of greenish
seam shows a set of buckles. Based on this issue, the ~ gray highly plastic clay with some organic content.
failure was re-examined by considering also the pos- Lignite, with a thickness ranging between 10 to

sibilities of buckling failure and compressive failure 80 m in the pit, is approximately 15-20 m in the
of the coal seam which constitutes the pit floor. For  location of failure. There are several clayey layers
this purpose, a series of back analyses utilizing the ~ within the lignite seam.
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Figure 1. Geology of Afsin=Elbistan basin and location of
the Kiglakody pit (Ural and Yiiksel 2004)

Gytja is characterized by a calcereous sandy
clayey formation together with remnants of fossils
with thickness ranging from a few metres to 50 m
and overlies the coal seam. The thickness of this
very porous unit is about 0.5-2 m in the failure site.

Blue clay, belonging to Quaternary period,
is calcerous unit. It is about 10-15 m thick, dips
towards the south with an inclination of 2-4° and
has slaking characteristics.

Marlhasagrenishcolourandathicknessof 0.5-3 m
in the failure site.

Loam, which belongs to Quaternary period, is a
clayey, sandy and gravelly deposit with a thickness
of about 15-40 m. It is a water-bearing porous unit.

2.2 Hydrogeology

Loam and gytja deposits are the main water-
bearingunits. Inparticular, the porosity and hydrau-
lic conductivity of the gytja is approximately 50 %
and about 1x107 m/s, respectively. It is also an
artesian in the region. An extensive drainage net-
work has been developed to drain the above these
two deposits.

3 DESCRIPTION OF THE FAILURE

The main failure occurred on July 1, 1984 at the
North-West slope of the Kislakdy open-pit mine
(Polat and Yiiksel 1984). The failure involved a
region, which was 650 m long and 250 m wide. The
length of the region was later extended to 1000 m
with subsequent failures. The final horizontal move-
ment of the failed slope was more than 50 m. The
lignite seam of the pit-floor was heaved up and it had
a set of buckles whose strikes were almost perpen-
dicular to direction of the movement and parallel to
the axis of benches (Fig. 2). Fig. 3 shows the buckled
lignite seam in the Kiglakdy open pit.

The first indications of the failure were observed
on June 20, 1984 and tension cracks developed
behind the slope crest. On June 21, the engineers
of the open-pit mine installed gauges to monitor the
horizontal and vertical movements of these tension
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Figure 3. A view of buckled lignite seam in the Kislakoy
open pit mine.
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Figure 4. Time-displacement response of monitoring
stations at Kiglakdy open pit (arranged from Polat and
Yiiksel 1984)

cracks. The main tension crack occurred at a dis-
tance of 40 m behind the crest of the upper most
bench. Fig. 4 shows the vertical movements and
associated velocity and acceleration responses as a



function of elapsed time at Station 1 (the dynamite
depot about 30 m from the slope crest) and Station 2
(a drainage well next to the crest of the upper most
bench).

4 GEOMECHANICAL PROPERTIES

Following the failure and concerns about the stability
problems on the western slope of the pit near, which
the electric power station is situated, an extensive
program to investigate geomechanical characteristics
of formations for stability analyses was initiated by
Ulusay et al. (1986). The shear strength characteris-
tics of the slope forming units are given in Table 1.
Their shear responses obtained from direct shear tests
are compared with each other in Fig. 5. As seen from
the figure, the weak clay has the lowest rigidity and
strength while the lignite has the highest rigidity and
the strength. On the other hand, blue clay, gytja, marl
and loam have similar characteristics.

Table 1. Material properties of the slope forming units
(Ulusay et al. 1986; Aydan et al. 1996)

) (PP ¢, o,
Unit (kPa) ) (kPa) @)
Loam 54.0 254 385 22.9
Marl 51.8 26.8 1.0 259
Blue clay 93.0 139 78.5 8.9
Gytja 13.5 37.8 9.6 335
Weak clay  23.7 22 15.5 1.7
Lignite 161.0 333 17.9 27.5
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Figure 5. Shear behaviour of the slope forming units.

5 LIMITING EQUILIBRIUM ANALYSES

5.1 Analyses of the North-West Slope by
Conventional Limiting Equilibrium Methods

First a series of limiting equilibrium analyses were
performed by using the Janbu’s method (Janbu
1954). The failure surface consisted of two parts: a
circular part through loam, marl, blue clay and gytja,
and a planar part along the gytja-lignite interface
(Fig. 6). All analyses were performed by assuming
that the slope was dry in view of the drainage sys-
tem and in-situ observations. Table 2 gives calcu-
lated safety factors for three cross sections shown
in Fig. 6 by considering the peak and residual shear
strength parameters. The analyses showed that the
slope should be stable for these failure surface con-
figurations for both peak and residual values of the
strength parameters. The observations on the failure
also confirm this conclusion.

A second series of analyses were performed by
using the Sarma’s method (Sarma 1979). The failure
surface passes through a weak clay layer within the
lignite seam as shown in Fig. 6. If the peak values
are used, the calculated safety factors were again
large and the failure was not possible. If the resid-
uval values of the strength parameters were used the
safety factor was close to 1 or less than that as given
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Figure 6. Cross sections used for stability analysis and
slope geometries before and after the failure.

Table 2. Safety factors (Janbu’s method)

Section 3-3' 5-5' 7-7
Peak 241 2.87 2.18
Residual 1.85 2.26 1.76




Table 3. Safety factors (Sarma’s method)

Scction 3-3' 5-5' 7-7
¢, =11.5kPa  1.070 1.060 0.980
¢,=0.0 kPa 1.007 1.002 -

in Table 3. If the residual cohesion of the weak clay
was assumed to be nil, the possibility of failure
increased. In other words, the failure of the slope
was not possible unless residual values were effec-
tive and these analyses did not provide any answer
to the buckled configuration of the pit-floor. In the
next sub-section, an alternative method to analyse
the buckling failure is presented.

5.2 A limiting equilibrium method for a
complex shearing, sliding and buckling
failure

Ulusay et al. (1995) proposed a limiting equilibrium
analysis method for a failure mechanism shown in
Fig. 7. It is assumed that failure takes through shear-
ing of intact layers at the back of the slope and sliding
along a bedding plane. For the pit floor layer, there
may be two possible modes: MODE 1: compressive
failure, and MODE 2: buckling failure, MODE 3:
combined compressive and buckling failure.

For the sliding and shearing part, the force system
acting on a typical block may be modelled as shown
in Fig. 8a. Note that a lateral force is also assumed
to act in order to consider the lateral stresses. The

FRILEL MINING BENCHES
GOAL FLOOR

Figurc 7. Failure mechanism proposcd by Ulusay ct al.
(1995).

Figure 8. Mechanical models for stability assessment.

equilibrium equations for the chosen coordinate
system can be written as:

ZF;i ==T,+W,sina, + H,cosa, + F,_, cos(at;, —6,_ ) —
F,cos(a; =0,)+(U; | =U)cosa; =0 (1)

N Fi= N+ UL =T, cose, + Hsina, + . sin(e;, =6, )~
Fsin(o; —6,)+(U;_, = U] )sine; =0 @)

Assuming that the rock obeys to the Mohr-Coulomb
yield criterion and the ratio of the horizontal force to
the weight of the slice is given in the following forms:

E=ciLi+$tan¢i’ H =, )
One easily obtains an equation for inter-slice force
I, which can be solved step by step to obtain the
force F, together with the condition of Fy =0 .

The resistance of the pit floor against compres-
sive failure would be similar to the thrust type fault-
ing. Therefore, no equation is given herein. As for
the buckling failure of the coal seam, the following
non-homogenous differential equation holds (Fig. 8b):

2 F ,
M+—"u=£x(L—x) @)
&l El 2El

where E is elastic modulus, / is second areal iner-
tia moment, u is displacement, and q,, is effective
distributed load. Solution of the above equation is
given below.

q,
Elk?

u= Acoskx+ Bsinkx+ (Lx—x2+i),
4 K2

k2 = i (5)
El
If =0 and du/dx =0 at the ends of the layer, the
integration constants 4 and B are obtained as follows:
q, q,L
-t gt
2’ (6)
Fk Fk

Assuming that du/dx=0 at x=L/2, the critical
buckling load is obtained as:

2
8.99
= _ 7
F, EI( 7 J (7)

Introducing 7 =b /12 and F,=0,bt, the critical
axial stress for buckling is obtained as follows

2
. t
0 =6.7135E| — 8
7o ®



where ¢ is layer thickness, and L is span. An applica-
tion of the above approach is shown in Fig. 9. Fig 9a
was obtained from force F, =0 b by considering
the combined shearing and sliding failure for SF =1
by varying lateral stress coefficient A.

Fig. 9b was obtained from buckling analysis by
assuming that £/ o as 65 (continuous line) and 26
(broken line). Since it is more likely that the peak
strength values hold, the slope may become unsta-
ble and pit floor fails in compression provided that
the lateral stress coefficient is 0.13 for a uniaxial
strength of 596 kPa. As for buckling failure, the lat-
eral stress coefficient failure should be greater than
0.1 and less than 0.13 in view of the actual range of
L/t at the time of failure. The uncovered span of
the lignite seam was 113 m at the time of failure. If
the thin Gytja formation just above the lignite seam
near the toe of the slope is neglected, the effective
span is about 153 m. For a 5 m thick lignite seam,
the value of L/t for compressive failure is found to
be 21.95 from Fig. 9b. If the effect of the Gytja for-
mation on L/ ¢ ratio is taken into account, the L/¢
is 22.6. On the other hand, if its effect is neglected,
L/t is 30.6. Considering the above numbers, it has
been contemplated that the lignite seam would
likely be buckling rather than failing in compres-
sion. If the thickness of the seam involved in fail-
ure is thinner than 5 m, the possibility of failure by
buckling increases more rapidly as compared with
that by compression.
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Figure 9. Computed stability chart for the lignite seam.
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6 FINITE ELEMENT ANALYSES

Thediscrete finite element method proposed by Aydan-
Mamaghani (Aydan et al. 1996(a,b); Mamaghani et
al. 1994) was chosen to simulate the failure process
of the slope . This method is based entirely on finite
element method and can simulate very large deforma-
tion of jointed media. Material properties used in the
analyses are given in Table 4. Fig. 10 shows the finite
element mesh and boundary conditions.

First, a series of elastic analyses was carried
out by varying lateral stress coefficient X to see
the magnitude of the axial stress of lignite seam at
the location adjacent to the sliding benches. Fig. 11
shows the relation between lateral stress coefficient
k and the axial stress in lignite seam. As seen from
the figure, lateral stress coefficient must be greater
than 0.58 and less than 0.78 to cause the buckling
of the seam. Otherwise, the lignite seam must fail
in compression which is contradictory against field
evidents. The results further indicates that if the
lateral stress coefficient is less than 0.58, the axial
stress in the seam may be tensile. By setting the
lateral stress coefficient x as 0.7, an elasto-plastic
analysis was carried out. Fig. 12 shows the deformed
configuration of the open-pit for each respective
pseudo time step. As seen from this figure, the slid-
ing of the benches on the left-hand side and buckling
of the lignite seam at pit-floor are well simulated.

Table 4. Geomechanical parameters used in DFEM
analysis.

Unit A u c o
(MPa)  (MPa)  (kPa) )
Loam, Marl, 408 54 60 25
Blue clay
Lignite 710 94 161 33
Base layer 670 38 161 33
Weak clay 3.2 1.1 23 6
Fracture planc 3.2 1.1 23 20

A, H:Lame coefficients; c: Cohesion: ¢ : Internal friction
angle
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Figure 10. Finite element mesh used in analyses.
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Figure 11. Computed stability chart for buckling failure.
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Figure 12. Deformed configurations at various pseudo time
steps.

It should be noted if the analysis becomes non-
convergent in finite element analysis, this may be
taken as the indication of failure of the structure, and
each iteration step can be regarded as pseudo time
step. With this concept in mind, the displacement
responses of open-pit at selected point shown in Fig.
12 are plotted in Figs. 13 and 14. The displacement
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Figure 13 Pseudo time step vs displacement for point A.
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Figure 14 Pseudo time step vs displacement for point B.

response of point A which is located at the center of
the pit-floor corresponds to the heaving of the floor.
The heaving of the floor proceeds at a constant rate
up to pseudo time step 6 and thereafter increases
with an increasing rate and the floor buckles.

The displacement response of point B which is
selected at the rear top of the sliding benches corre-
sponds to the horizontal displacement of the sliding
body. This response is very similar to the measured
response shown in Fig. 4.

7 DYNAMIC LIMITING EQUILIBRIUM
METHOD

The method used for estimating post-failure motions
of the failed body is based on the earlier proposals by
Aydan et al. (2006, 2008), Aydan and Ulusay (2002)
and Tokashiki and Aydan (2011). Let us consider a
landslide body consisting of N number of blocks
sliding on a slip surface as shown in Fig. 15. If inter-
slice forces are chosen to be nil as assumed in the
simple sliding model (Fellenius-type), one may write
the following equation of motion for the sliding body



2
Z(S T)= ﬁd—z
di

i=1

®

where in,s,t,n, S, and T, are total mass, travel dis-
tance, time, number of slices, shear force and shear
resistance, respectively. Shear force and shear resist-
ance may be given in the following forms together
with Bingham-type yield criterion:

IR
S, =W,(1+—=)sina;

b

ds;
T,=c,4,+(N,=U,)tang, +nW[ )
dt (10

where W, A4,,N,,U,,0;,a,,a,,c;,¢;,1 and b are
weight, basal area "normal force, uplift pore water
force, basal inclination, vertical and horizontal earth-
quake acceleration, cohesion, friction angle of slice
i, Bingham type viscosity and empirical coefficient,
respectively. If normal force and pore water uplift
force related to the weight of each block as given below

a
- 4 -
N, =W, (1+-5)cosa, U, =r,, (11

One can easily derive the following differential
equation with the use of Egs. 9-11:

d’s ds
+ -B()=0 12
7 n( dt) (= (12)
where
g n ) aH
B(t)== . o.(1+—+—
=% glm,((sm 4=
ay c; 4,
(cosa;(1+—)=r, )tan@, |+— (13)
g g

In the derivation of Eq. (12), the viscous resistance
of shear plane of each block is related to the overall
viscous resistance in the following form:

b n b
_ [ ds ds;
nmg(z] = ;nmig(gj

Eq. (12) can be solved for the following initial con-
ditions together with the definition of the geometry
of basal slip plane.
Attime 1=¢,
s=s,andv=v,
There may be different forms of constitutive laws for
the slip surface (i.e. Aydan et al. 2006, 2008; Aydan

(14)

(15)
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Profile at time step k

)

Figure 15 Mechanical model for estimating post-failure
motions (Aydan 2016).

and Ulusay, 2002). The simplest model would be
elastic-brittle plastic to implement. If this model is
adopted, the cohesion will exist at the start of motion
and it will disappear thereafter. Therefore, cohesion
component introduced in Eq. (13) may be taken as
nil as soon as the motion starts. Thereafter, the shear
resistance will consist of mainly frictional compo-
nent together with some viscous resistance.

The method explained above was applied by
Tokashiki and Aydan (2011) to Kita-Uebaru land-
slide in Okinawa (Japan) involving bedding plane
and fault plane. This method utilizes Bingham type
visco-plastic yield criterion. Although the assumed
geometry of the open-pit mine is slightly different
from the actual one, it was applied to the failure in
the Kislakdy open-pit mine. Fig. 16 shows the dis-
placement response during failure. The actual dis-
placement of the failed body was about 34 m. The
estimated displacement of the failed body is about
33 m. The material properties are shown in Figs.
16 and 17, which are based on those given in Table
4. Fig. 17 shows the deformation configuration of
the failed body in space with time. Despite some
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Figure 16. Displacement response of the mass center of the
failed body.
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Figure. 17. Deformed configurations of the failed body.

difference between the assumed and actual geom-
etries of the failed body, the estimations are very
close to the actual ones.

8 CONCLUSIONS

From the back analyses of the failed slope, the fol-
lowing conclusions may be drawn.

The existence of a weak clay layer within the
lignite seam with a very low shear modulus and
strength played an important role and caused very
high compressive stresses in the lignite seam.

The stresses are further increased by thinning the
overlaying layers because of the excavation.

The failure of slope is not possible unless the
residual values are utilised which is very unrealistic
in limiting equilibrium analyses. If the effect of lat-
eral force is taken into account, the failure becomes
possible, provided that the lateral force coefficient
is greater than 0.1 in view of the actual span of the
lignite seam at the time of failure. The lateral force
coefficient is likely to be greater than 0.1, if the
stress regime of the region is taken into account.

Finite element computations showed that the
buckling failure of the pit-floor was possible when
the lateral in-situ stress coefficient was between
0.58 and 0.78. The computed responses were very
similar to those measured.

Dynamic limiting equilibirum appraoch was also
applied to estimate the post-failure motions of the
open-pit failure and the estimations were very close
to the actual observations.

In the same open-pit, there were failures at the
cast slope in 1988 when the depth of excavation was
almost the same as the one reported herein. A series
of in-situ measurements on the stress state of the
region is needed for a better design of future open-
pits at the Afsin-Elbistan Mining Complex.
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