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Abstract
Purpose. To analyze surface mines composite slope deformation mechanisms and stress distribution.

Methods. Description and interpretations of the mechanical and stress computational model for a waste dump loading in the
formation of a composite slope on the basis of the theory of plasticity and elasticity. Numerical and analytical simulations
for composite slope stress distribution.

Findings. From the numerical and analytical simulations, it is found that the increase in slope height and angle results in an
increase in stress within the geo stress field of a composite slope. The numerical simulation also shows that as the dump is
moved away from the point of application the settlement induced by the dump is larger beneath the dump and decreases
away from the dump, hence the stress reduces. This highlights the sensitivity in simulating the effect of the waste dump at
different position within the computation analysis of a composite slope stability problem. Furthermore, it is obtained that the
stress induced by a trapezoidal loading is lesser than that of a rectangular loading, which is obvious. Finally, this paper pro-
vides the stress influence rule due to excavation in a surface mining operation. The stresses due to the dump loading were
obtained and compared to stresses obtained from finite element analysis and both results are well in agreement.

Originality. The paper provides novel approach for the mechanisms of composite slope stress distribution and deformation
mechanisms.

Practical implications. The results effectively describe the stress distribution mechanisms and stability analysis of compo-

site slopes and provides basis for the preliminary design and stability of composite slopes.
Keywords: composite slope; deformation mechanism, waste dump, theory of plasticity

1. Introduction

The failure mechanism of composite slope is a complex
phenomenon in that the removal of the overburden to recover
the ore induces plastic and elastic deformation in the rock
mass geometry and the construction of the waste dump near
the mining limit induces additional stresses within the rock
mass [1]-[4]. The distinction between the two forms of in-
stabilities can be reduced to one of gravitational versus ap-
plied load [5], [6] and the incorporation of both failure
mechanisms can be best suited to describe the instability
mechanism governing a composite slope. The construction
of composite slope may pose great challenges to the eco-
nomic extraction of ores, protection of employees, equip-
ment and safe production operation, if the lack of
knowledge, limitation and understanding of the governing
laws of stresses due to composite loading to that of creating
an excavation in surface mining and the interactions amongst
composite slope geometrical parameters are not well ad-
dressed [7]-[10]. Considering the smoothness of transporta-
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tion flow, reduction in haul distance and lower transportation
cost, the outer dump is generally located near the mining
limit; however, the issue of validity of the concept for under-
standing the influence of the dump position and its interac-
tion with key geometrical parameters of both the pit slope
and the waste dump may lead to disastrous failures and land-
slide [11]-[13]. As a systematic and comprehensive study of
the geometrical parameters of a composite slope, the need for
understanding the influence of the dump position and the
induced stress caused by loading and unloading is very im-
portant [4], [14]-[18]. It is possible only if the dump position,
the induced stresses and the key geometrical parameters influ-
ences are clearly understood, that the ability to predict a com-
posites slope failure mechanism could be developed which in
return would lead to economic designs [19]-[26]. Two neces-
sary steps that must then be taken to address this problem are
the assessment of the primary factors influencing composite
slope stability and the development of a clearer understanding
of the failure modes and mechanisms involved.
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2. Materials and methods

In the current study Datang Surface coal mine located with-
in the eastern part of Shengli coalfield, a project of Datang
international power generation co., LTD located in Xilingol
league, Inner Mongolia autonomous region is used as a case
study. Sigma/W Geo slope is used for the numerical and ana-
Iytical simulation. Sigma/W is powerful finite element soft-
ware for modeling stress and deformation in earth and structur-
al materials. It analyses from simple linear elastic simulations
to soil-structure interaction problems with nonlinear material
models [27]. The Concept of finite element method is utilized.
The relationship between loading conditions and slope parame-
ters is analyzed using theory of plasticity and elasticity.

2.1. Two-dimensional stress state
and slip lines analysis for composite slope

The stress structure derived for the composite slope is a
plane strain two dimensional problem with three unknown
components of stress (owx, 0z, ) [28]. In a plane strain analy-
sis, one dimension of the stress component is much greater
than the other two dimensions. To begin our analysis, let’s (x,
z) represents the plane of unknown stress components such
that the two-dimensional stress matrix is written in the form:

{O'xx z'xz:| Q)
x %z

And the three components of stress obey the two-
dimensional form of the equilibrium equations:

oo or
xx , 9fx

OX oz _ @)
0Ty, 00y
—_ + —_—

OX oz

Figure 1 shows a sketch of a Mohr circle and the two di-
mensional stress state where it has been assumed that o1 and
o3 represents the principal stresses lying on the (x, z) plane
and the intermediate stress o, is normal to the plane and
remains the intermediate principal stress no matter what
happens to the other stresses. The stress points correspond-
ing to (ox, ) and (oz, ;) are plotted at arbitrary locations
on the circle circumference except that they lie at the end of
each diameter, and the pole of the Mohr circle is shown.
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Figure 1. Mohr’s diagram for a two-dimensional stress state [29]
From Figure 1, let w be the angle between the minor

principal surface and the horizontal such that p represents
the two dimensional mean stress defined as:

p:%(axx+0'zz)=%(0'1+a3). )

The mean stress obtained in this analysis is completely dif-
ferent from the mean stress obtained in a three-dimensional
stress state but it represents the average normal stress for a
two-dimensional stress state, and it also identifies the location
of the center of the Mohr’s circle. If the angle y is introduced
along with the radius of the circle the stress state at any point
can be obtained. However, the only missing information is how
the surfaces are oriented with regards to the (x, z) plane which
leads to the introduction of slip lines as shown in Figure 2.

Figure 2. Mohr diagram for a slip line orientation [29]

Considering the Mohr circle shown in Figure 2, the radi-
us of the circle is a function of the two-dimensional mean
stress p according to:

1
%(01—0-3) :%[(GXX -0y )2 +472xzj|2 =ccosp+ psing . (4)

It can be seen from Figure 2, that o — and £ — lines inter-
sects at an angle of z/2 — ¢. Thus, the two dimensional mean
stress p and angle y, can be fully characterize in order to
state the two dimensional stress state as follows:

Oyxx = P+(cCos@+ psing)cos2y;
oy = P—(ccosg+ psing)cos2y; (5)
tyy =(ccosp+ psing)sin 2y.

Using these equations to replace the stress components in
the equilibrium Equations (2) gives:

(1+singcos Zn//)a—p+sin @sin 21//6—p =
OX oy

2(ccosg+ psin (p)[sin ZWa—V/—COSZV/a—V/];
X oy 6)

P _

OX

p

singsin 21//8—
X

+(1-singpcos2y)
. oy . oy

=-2(ccose+ psin C0S 2y —— +5sin 2y —— |.
(ccosp+p w)( v "/ay]

If 1, represents the distance measured along « — line and
the directional derivative of the mean stress p is taking then:

%:@.%4_@.%:@005(04_@5"]0)_ @)
di, ox dl oy dl; ox oy
. op op . . .
Solving for — and —- using (8) to find the equation of
OX oy

the o — line:
dp ow
— =-2(Cc+ptangp)—. 8
g, - 2(cxptane)7- ®)
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A similar result applies for g — line with the sign on the
right-hand side of the equation being reversed. Integrating
gives:

a—line—In(c+ ptangp)+2(tan )y = Cy; )
B—-line > In(c+ ptang)-2(tanp)y =C,.

Thus (9) can be used to relate the stress state along any
characteristics line and everywhere on the characteristics
line p and y are linearly related and if p and y are known the
constant C; and C; can be obtained. Hence the stress varia-
tion beneath the waste dump can be obtained. The outer
dump resting on the surface mines slope can be represented
as a uniform traction that is applied on a surface of a homo-
geneous half space and different o — and g — lines can be
drawn for the failure surfaces beneath the dump. Consider-
ing the proposed composite slope stress structure shown in
Figure 3, Mohr circles for the three failure surfaces beneath
the dump can be represented as those shown in Figure 4.

Active zone

Shear transition zone Passive Zone

(b)
LLLLLLL

dey

@ =T/4 + (/2

Active zon

Shear transition zon
Passive Zone

Figure 3. Proposed (a) composite slope stress structure (b) force
diagram [29]

P, =P; - cosp + Psing

Py =Py + cosg + Psing

Passive wedge

Active wedge

Figure 4. Mohr circle for failure region in active and passive
wedges [29]

From the description of « — and S — lines, if the boundary
stress happens to be the smaller principal stress, a— and

S —lines make an angle of «, :%—% with the boundary
(Fig. 5a). On the other hand if the applied stress from the
pressure of the dump happens to be the larger principal

stress, the a— and S — lines makes an angle of a):%+§
with the boundary (Fig. 5b), however the resulting stress

states are different.
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Figure 5. Mohr diagram for an outer dump acting on a half space
(active and passive case): (a) active case (1); (b) passive
case (I11) [29]

The material between the active and passive wedges is
filled by a centered fan known as a shear transition zone.
The a — and £ — lines within the shear transition zone can be
deduced by indicating that both lines intersect at an angle of
(/2 — o) as indicated in Figure 6 and from the geometry it is
evident that tan ¢ = dr/rdw and integrating leads to:

r
In| — :(a)—a)o)tan(p. (10)
rO
(@)
rdo
1
®
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n2-¢
(b)
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— P,
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Figure 6. Geometry of slip lines within a centered fan for fric-
tional material [28]

Where r and r, are defined in Figure 6. Hence all & — and
a — lines in the shear transition zones are spiral while « — and
£ — lines are straight. Considering once again the Mohr cir-
cles in Figure 6b, it is seen that the values of w in region |
and Il are z/2 and =, as both regions are related, lying in the
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m —45° line in a 2(tan @)y, In(c + p tan ¢) space. Thus the
two-dimensional mean stress p; and pir must be related by:

2(tang)(yy —ym ) =—(tang)z =

~In(c+ pyy tang)+In(c+p, tang). )
Hence p, and py; are related to o1 and a3 by:

oy =ccosp+ py (1+sing); (12)

o3 =—CCos@+ Py (1-sing). (13)

2.2. Triangular loading on an infinite
strip based on the theory of elasticity

The stress computational equations for a composite slope
due to a waste dump loading based on the principle of su-
perposition [28] is utilized within the theory of plasticity to
determine the zone of plastic influence and the induced
stresses within a surface mines slope. Figure 7 is a simplified
geometry of the composite slope mechanical model which
incorporates the basic features and assumption necessary for
performing a slope stability analysis under the action of an
external load.

(b)

Figure 7. Proposed composite slope stress computation model:
(a) slope linearly increasing load structure on compo-
site; (b) half section of a waste dump in a composite
slope [28]

The estimation of stress increment at various points
along with the associated displacement in a soil mass due to
an external load is an important component in the safe de-
sign of engineering structures. In many engineering prob-
lems, especially those concerning slope stability, stresses
imposed and their variation with depths inside the soil mass
are of paramount concern. From the theory of elasticity, the
stresses due to a vertical line load on the surface can be
computed as follows:

3

20z

= . 14

’ 7r(x2+zz)2 1)

_ ZQXZZ . 15

i 7r(x2+zz)2 , (15)
2qxz?

x -, . 2 16

i 7r(x2+zz)2 (10)

Figure 8 shows a vertical loading on an infinite strip of
width 2I. The load increases from zero to ¢ across the width.
For an elementary strip of width dr, the load per unit length
can be given as (g/2l) r-dr. Approximating this as a line

load, we can substitute (g/21) r-dr for q and x —r for x in
Equation (14) to (16) to determine the stresses at a point
(%, 2) inside the semi-infinite mass. Thus:

o =foe =[5 ) 20 ﬁ ;
o, = (%j(%a —sin 25} ; (17)

2
o, = [i)(lfa - 2.303|5 Iog%+sin 25} ; (18)

2z 2

woten ()l T

7, :(zij(l+00325—liaj. (19)

T

Figure 8. Linearly increasing vertical loading on an infinite strip [28]

2.3. Stresses due to waste dump
loading in a semi-infinite mass

In surface mining it is necessary to determine the in-
crease in stress within the soil mass due to the waste dump
loading. This can be done by the method of superposition
as shown in Figure 9 [28]. The ideal assumption of the
theory of elasticity, namely that the medium is homogene-
ous, elastic and isotropic, is not quite true for most soil
profiles, however it does provide a close estimation for
computing stresses.

(a) (b) (c)
B
a b // | _b q
o 1@ ) A 2q
g \\ M 1 AN
\\“1/ & |2 s stz N @l |z
\‘\? \\ 9 \/ b3 . .
\\lb L >
) ) )

Figure 9. Vertical and horizontal stress computational model due
to waste dump loading [28]
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2.3.1. Vertical stress component due to
waste dump loading in a semi-infinite mass

Referring to Equation (17), the vertical stress component
at point O due to the loading shown in Figure 9a can be
computed based on the principle of superposition [28], [29].
That is the vertical stress o; at O due to the waste dump load-
ing shown in Figure 9a is equal to the stress at O due to the
loading shown in Figure 9b minus the stress at O due to the
loading shown in Figure 9c. Let g + (b/a)-g = q for the load
shown in Figure 9b and (b/a)-q =q for the load shown in
Figure 9c then the vertical stress at point O in Figure 9b and
Figure 9c can be computed as follows:

_q(a+b
GZ(Z—Qb) ——[Tj~(al+a2). (20)

T

Similarly, the vertical stress at O due to the loading
shown in Figure 9c is:

%%{ggﬂ@%}

2 :(E.q].i.(az)_ @1)

a T

Thus the vertical stress at O due to the waste dump load-
ing shown in Figure 9a is:

02z = 9z(2-9b) ~ 9z(2-9c) (22)

Substituting (20) and (21) into (22) gives:

Ao e]

2.3.2. Horizontal stress component due to
waste dump loading in a semi-infinite mass

Referring to (18), the horizontal stress component at
point O due to the loading shown in Figure 9a can be com-
puted similarly based on the principle of superposition. That
is the horizontal stress at O due to the waste dump loading
shown in Figure 9a is equal to the stress at O due to the load-
ing shown in Figure 9b minus the stress at O due to the load-
ing shown in Figure 3c. Thus the horizontal stress at point O
in Figure 9b and Figure 9c can be computed as follows:

_ [‘“(b“")qlzll(al +a2)—2.303~|5- log ii ji (24)

M) (T 2r RZ

q+(b/a)q 2.303 RE .
SN CLCEL RVRIEE.Y .

b 2.303 R2
X(2-9b) :E(ij[(% +0¢2)——'£'|09R—1J- (26)

T a

From Figure 9b, R:? = (a + b) +z% and R, = 7%, hence the
value of R:? and R.? can be substituted into (26) such that
(26) becomes:

2,2

_q(a+b 2303 z , (a+h) +z
GX(Z—gb) ”[aj[(ﬂ.’l"’az)— 2 T|Og 22 . (27)
Since ztan(oi+taz)=a+b and a+b=21 then

2l
Z =————— substituting the value of z into (27) and
tan(e, + o)

solving for oy - o).

(0!1+6¥2)
q(a+bj 2.303 2l/tan(eq +ay)
O =— — . :
Ke-ob) ~ 7\ a 2 |
Iog(1+tan2(a1+a2))
(a1+a2)
g(a+b 2.303
== - 28
7X(z-ob) n[ a j tan (o + o ) (28)
Iog(l+tan2(a1+a2))

Similarly, the horizontal stress at O due to the loading
shown in Figure 9c is such that:

b 1 2303 z ,R{
%mfb@*@"TTmé] )

2

However, in this case Z= 20=b R?=b*+27°
&,

and R? = z?, and substituting these values into (29) gives:

2 2
:[blqjll:(az)_2.303.2b/tana2 1og 42 } (30)
Z

O-X(zfgc)

a V4 2 b
b )2 2303 | b%+(b/tanay)’
(29) \a & tan a, (b/tana )2
b 1 2.303
P-s0) (a'QJ”|:(0¢2) tana, log (l+tan2 @2 )} ' (31)

Thus the horizontal stress at O due to the waste dump
loading shown in Figure 9a is such that:

X = X2-9b) ~ X2-9¢) (32)
Substituting the values for ox (2 - ob) and ox 2 - oc) gives:
+
q [a+bj (o1 +a2)
ox=—|— 2.303
T a -
tan(ey + ap)

1 2.303 )
—lay— log{1l+tan“ «, | |.
72'{ 2 tana, g( 2)}

{(29)
-Iog(l+tan2 (n +a2)) al) (33)

Factorizing gives,

(g +ay)

(a+bj
— 2.303
q a

oy =— _tan(al+a2)

b 2.303 2
- - -log(1+tan
[az tan ay d ( %2 )]

-log (1+tan2 (on+ 0!2)) . (34)
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2.3.3. Shear stress component due to
waste dump loading in a semi-infinite mass

Referring to (19), the shear stress component at point O
due to the loading shown in Figure 9a can be computed simi-
larly on the principle of superposition. That is the horizontal
stress at O due to the waste dump loading shown in Figure 9a
is equal to the shear stress at O due to the loading shown in
Figure 9b minus the shear stress at O due to the loading
shown in Figure 9c. Thus the horizontal stress at point O in
Figure 9b and Figure 9c can be computed as follows:

z
T, =(%j[2—T(al+a2)); (35)
T _afa+b 1—i(a +a,) (36)
“ew g a 200 )
. - -

From Figure 3b tan (o + ) and substituting the
value of z into (23) and solving for zx; (2 9n), gives:
. :g(a+bJ 1__ata | 37)

ez a tan (o, +a,)

Similarly, the shear stress at O due to the loading shown
in Figure 9c is such that:

T, = (gqj%(Z—%(az )j ;

b 1 z
Ty :(gqj;(l_T(aZ)j (38)
: 2 _—
From Figure 9c Z=-_—-— and substituting the value
tan(a; )
of z into (3)-(38) and solving for zx; (2 - oc), gives:
b 1 a
=|=q|=|1-—=|. 39
Fe (aq)”( tanaz) (39)

Thus the shear stress at O due to the waste dump loading
shown in Figure 9a is such that:

e = TXZ(Z—Qb) _sz(zfgc) . (40)

Substituting the values for zy; 2 o) and 7y (2 - o) gives:

R G e e R H e

Factoring gives:

Ty = ﬂﬁa”’)[l_ @ +a, J_(Ej[l— % ﬂ . (42)
7|\ a tan(oy +ar,) a tana,

2.4. Effect of the dump position

on the stress field of composite slope

Equation (23), (34) and (42) gives the vertical, horizontal
and shear stresses beneath a trapezoidal dump based on the
theory of elasticity, however according to the plasticity theo-
ry the stress generated by rock mass loading, which is trans-
ferred from the zone of active pressure (I) to the zone of
radial shearing (1) is expressed mathematically as [28][29]:

o1 =ccosg+P (1+sing). (43)

While stress generated and transferred from the zone of
passive wedge Il to zone Il is expressed as:

o3 =—CCosg+ Py (1-sing). (44)

Substituting (25) and (26) into the mean stress equation:

1
P :E(Gaxx +O—zz);

2.303
tan (051 +ay )

b 2.303 )
——| 2ay - log{1l+tan“ «
a( 2 tana, g( 2))

3N |e

log (1+tan2 (a1+a2)) : (45)

N |-

Thus, the maximum and minimum stresses induced due
to the waste dump loading are as follows:

(aT”’jz(almz)

1| q 2.303
oy =CCosp+=| —| ————>
2| 7| tan(eg +ay)

b (2052 2303

log (1+ tan? (g +a, )) x (46)

a

e, log (l+ tan? o )]

x(1+sing);

[a%;bjz(aﬁaz)—

1lq| 2303
05 =—CCOSQ +—| —| —
2| 7| tan(ag +ap)

b [ 2.303
——| 2a, -
| a tan oy

Iog(1+tan2(a1+a2)) x (47)

log (1+ tan? oy )J

x(1-sing)

From (46) and (47) it is obtained that when the vertical
stress o1 > o3 the ground surface will sink in the z — direction
and this occur specifically when the slip line angle wo =0.
However, when o1 < a3, the ground surface will bulge. Equa-
tion (25) and (36) represents stresses induced only by the
waste dump, thus the principle stress produced by a depth of
z is expressed as:

(a+bj2(a+a)— 2.303
a 1T tan (g + oy )

o3 = CCOS(p+% - Iog(1+tan2(al+a2))
_b[zaz - t2.303 log (1+ tan? ay )J

a an o,

* (48)

x(1+sin go)}erH.
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(%b}z(waz)

1| q 2.303
o3 =|CCOSQ+=| | ——"——
2| m tan(a1+a2)

b 2.303 2
——| 2ap — log(1+tan‘
I a( 2 tan o, g( 2)j

Iog(1+tan2(a1+a2)) x (49)

x(l—sin ¢)]+yH.

(%bj(aﬁaz)

q 2.303
o3 =|—CCOSQp+| —| ———
T tan(a1+a2)

b 2.303 2
——|ay— log|1+tan“ o
a[ 2 tana, g( 2)}

Iog(1+tan2(al+a2)) x (50)

x(l—Sin (p)]+yH.

Where a1, a2, a and b are obtained from Figure 9.

@

3. Analysis and discussions

3.1. Deformation mechanisms due to
progressive loading in surface mining

In order to reveal the stress change during the process of
mining, it is essential to know the in-situ stress conditions
prior to altering the original ground surface. The numerical
modeling software Sigma/W is used to obtain the in-situ
stress with in the ground. Sigma/W has a specified analysis
type to establish the in-situ stress conditions where the verti-
cal stress is controlled by the specified unit weight and the
lateral stress controlled by a specified Poisson’s ratio v or
specified Ko. However, the computed stresses are independ-
ent of the specified stiffness E. Hence, to establish the in-situ
stress state a unit weight of 20 kN/m?® and a Poisson’s ratio
of v=10.49 were used in the analysis. In order to reveal the
law of stress change in the ground surface, Figure 10a is
utilized. Figure 10b shows the results from the numerical
analysis of the original ground state. The vertical stresses
due to the overburden above the coal seam is relatively easy
to be obtained (Fig. 10c), however, sometimes the greatest
uncertainty in determining the in-situ stress state lies in the
determination of the lateral earth stresses (Fig. 10d).

(b)

—e— y = 2E-19%X-0.05x+40
—R’=1

0 200 400 600 800 100¢
Y-total stress, kPa

(d)

50
—e— y = -5E-0.7X-0.0517x+39.972

40 — R’=1
30-
£ 20+

>

10-
o.

0 200 400 600 800 100C
X-total stress, kPa

Figure 10. In-situ stress state: (a) original model; (b)graphical output; (c) vertical stress influence rule and (d) horizontal stress influence rule

In order to reveal the law of stress change during the
process of excavation, the geometry shown in Figure 11 is
utilized. When mining activities occurs, the in-situ stress
state within any given surface mines can be changed dra-
matically. This is because the equilibrium of in-situ
stresses is often redistributed and rock masses which

previously contained stresses are removed and the loads
are taken elsewhere.

Figure 12a-d shows the numerical results obtained
from the analysis. Two separate boundary conditions
were simulated to see how the stress behaves in a con-
fined test.
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Figure 11. Model used to simulate excavation process in Surface

As seen in Figure 12a, the bottom boundary was fixed
while rollers where used on the both ends while in Fi-
gure 12b the left side had a roller, the bottom fixed but the
right-side roller were simulated 10 m above the bottom
plane. The reason been when excavating the material above
the line forming the slope is removed such that a boundary
may not exist within that region as the stress accumulate
toward the toe of the slope. Figure 12c¢-d shows the vertical
and horizontal stresses.

3.2. Stress distribution rule of surface
mines geometrical parameters

In order to study the effect of the excavation on the induced
stress field during the process of mining, the two most critical
parameters the slope (height and slope angle) are analyzed
using a control variant analysis in Sigma/W. The unit weight

mining and Poisson’s ratio used in the analysis are of the same.
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Figure 12. Influence of excavation on the induced stress field: (a) original model; (b) graphical output; (c) vertical stress influence rule

and (d) horizontal stress influence rule

3.2.1. Influence of slope angle on the induced stress field

During the open-pit mining process, it is necessary to
continuously excavate the overlying rock mass in order to
extract the mineral resources. The large-scale mining will
cause the redistribution of the stress which would lead to
derivation of higher stresses. According to different slope
angles in the development of an open pit, the numerical
simulation is carried out to reveal the stress development
rule by varying the slope angle. The slope angle was vary-

ing from y;=20° to wi=45° at 5° interval. Figure 13
shows the graphical output from the numerical simulations
of the homogeneous slope. The material properties were
constant in all models including the height of the slope.
Figure 14a-b shows the vertical and horizontal stress
change rule due to variation of the slope angle. The Mohr’s
stress diagrams shown in Figure 13 were recorded from the
toe of the slope.
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3.2.2. Influence of slope height on the induced stress field

In the mining operation, the rock mass overlying the
coal seam is removed in a continuous time-space process
in order to extract the mineral resources. According to the
development stages of the slope height H in a surface
mining operation, the numerical simulation is carried out
to reveal the stress development rule. Hence, different
slope heights were simulated using Geo slope to reveal the
stress development rule by varying the slope height. The

10

slope height was varying from H=10m to H=40m at
5 m interval.

Figure 15 shows the graphical output from the numeri-
cal simulations of the homogeneous slope. The material
properties were constant in all models including the height
of the slope. Figure 16a, b shows the vertical and horizon-
tal stress change rule due to variation of the slope h. The
Mohr’s stress diagram shown in Figure 15 were recorded
from the toe of the slope.
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3.3. Stress variation rule beneath a loaded surface

In order to simulate the change rule due to the dump
loading and variation of the dump position, two separate
models were simulated using Sigma/W. Since trapezoidal
pressure cannot be created in sigma/w the dump pressure is a
computed by rearranging the surface area of the dump by
using the technique shown in Figure 17. From Figure 17, it
can be seen that if the base of the rectangle (x) is known and
the base of the triangle (x2(m)), then the trapezoidal surface
area can be computed from the rectangle.

From the above analytical formulation, if x =10 m and
X2 =4.6007 m, H=5m, the surface area of the trapezoid
gives tarea = 38.49825 m while the surface area of the rectan-
gle rarea = 50 m. However, a surface area tarea = 3.845 m and

12

Farea =5 M were used in the analysis. A pressure of n —
100 kPa was applied in the model to represent the dump
pressure and Figure 18 was used to simulate the effect of the
dump loading pressure on a horizontal surface and a sloping
ground. Since the focus was to simulate the stresses below
the dump, the unit weight of the soil below the dump was set
to zero such that the computed stresses represent only those
of the dump.

3.3.1. Influence rule of external loading
on a horizontal ground surface

Figure 19 shows the graphical output from the numerical
simulations of external loading on a semi-infinite mass due
to a uniform vertical loading.
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X(m) Figure 20 shows the results and graphical output from
numerical simulation due to a waste dump loading. As seen
in Figure 19 and 20, when dump is placed on the surface,
the changes in the rock or soil due to the pressure are initi-

x(m!
ated at the surface of the ground where they show the high-
. + k + ‘ = - est magnitude. The result also shows that the uniform
vertical loading induces greater stresses than that of the

trapezium load.

. B k = ‘ 3.3.2. Influence rule of external loading
on a sloping surface

In order to simulate the influence rule of the dump po-

Y(m)

sition on a sloping surface such as that of the surface

. fi k — ‘ = ‘ mines slope, two scenarios were considered. In the first

case the dump position was on edge d = on edge while in

Figure 17. Surface area of trapezoid by rearranging geometrical ~ the second analysis the dump was away from the edge
shapes d > on edge.
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Figure 21 shows the graphical output from the numerical
simulations of external loading on a sloping ground due to
loading on edge while Figure 22 shows the graphical output
from numerical simulation due to a waste dump loading
away from edge. Figure 23 and Figure 24 shows the influ-
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ence rule when the dump is on edge and away from the edge
of a sloping surface. The results shows that the stresses are
greatest beneath the load and diminishes outwardly. Hence it
can be seen that as the dump moves away from the point of
concentration the induced stresses reduces at that point.
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Figure 21. Graphical output of dump loading effect on the induced stresses at the toe of the slope: (a) single load; (b) incremental loading
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Figure 24. Influence rule of dump loading on the induced d > on edge

4. Conclusions

The simulation results shows that as the height and angle
of the slope increases, the stresses of composite slope within
the geo field also increases. The stresses are greatest beneath
the load and diminish outwardly. Hence it can be seen that as
the dump moves away from the point of concentration the
induced stresses reduces at that point.

The sensitivity in simulation of waste dump effect is
prominent at variable locations in the computational analysis
of composite slope. It was noted that the stress induced by
trapezoidal loading is less than that of triangular loading

The results also shows that the uniform vertical loading
induces greater stresses than that of the trapezium load.

The stress influence rule governed by a surface mining
operation is obtained. The stresses due to dump loading ob-
tained and also compared to those obtained from finite ele-
ment analysis, which are compatible with each other.
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Mexanizmu gedopmairii Ta po3noaisi HANPY:KeHb Y KOMIIO3UTHHX YKOCAaX Kap’epiB

ST Bbapeop, I11. Baua, I1. Kiarxiauar, 4.C. Xao, M. Cignikye

Mera. [locmimKkeHHs MEXaHi3MiB nedopMalliif i po3noiny HarpyKeHb B KOMIO3UTHHUX YKOCAaX Kap’ €piB 3a JOMOMOTOI0 YHCENEHOTO
MOJIECTIOBAHHS METOJIOM CKiHYCHHUX €JIEMEHTIB AT IIPOTHO3Y iX CTiMKOCTI.

Metoanka. Onuc Ta iHTepIpeTanis MEXaHIYHOT pO3paxyHKOBOI MOJIEN HAalpy KeHb [UIS BiJBaJly HOPOXKHBOI MOPOJH B Iporeci Gopmy-
BaHHS KOMITO3UTHOTO YKOCY BUKOHAHO Ha OCHOBI TeOpii IIACTHYHOCTI Ta MpYXHOCTI. [IpoBeneHo uncenbHe 1 aHANITHYHE MOJIETIOBAHHS
PO3MOIiIy HAmpyXXeHb B KOMIIO3UTHOMY CXHJII 3a JOMIOMOrOI0 BHKOPHCTAaHHS MOTYKHOTO MpOrpamHoro 3abesmedyeHHs Sigma/W, sikumit
(YHKIIIOHY€ Ha OCHOBI METOJly CKiHUEHHUX €JIEMEHTIB.

PesyabTaTn. YncensHe Ta aHATITUYHE MOAETIOBAHHS T03BOJIMIO BCTAHOBUTH, IO 30UIBIIEHHS BUCOTH 1 KyTa YKOCY IPU3BOJHUTE 10 30i-
JIBIIIEHHS] HAIMIPYXXEHb B T€OHAINPYXEHHOMY IOJi KOMIO3UTHOTO yKocy. UncenbHe MOJETIOBaHHS TaKOX MOKa3ajo, IO B Mipy BiICyHEHHS
BiJ[BAJTy Bi/l TOUKH MPUKJIaJaHHS HABAaHTA)KECHHS, BUKIMKAHE HUM OCiTaHHS MOPOAW B OLTBIIIH Mipi MPOSBISETHCS i BiIBAIOM 1 3MEHITY-
€THCS TIPY BiAJATEHHI BiJ HBOTO, IO NMPU3BOAWUTH O 3MEHIICHHS HANpYy)XKeHb. JlaHa TEHICHINSI MOKa3ye YyTIMBICTh MOJEII, KA OMHCYE
BIUTUB BifIBAly B Pi3HMX TOYKAaX IpPH YHCETBHOMY aHami3l CTIHKOCTI KOMIIO3HUTHOTO yKocy. BcraHoBieHO, Mo HampyXeHHS, BUKIUKaHE
TpaneneBUAHIM HaBaHTA)XEHHSAM, MEHIIIE, HX HAaIpY)KEHHs, [0 BUHHUKAE IiJ i€ MPSIMOKYTHOTO HaBaHTaxkeHHS. C(opMyIp0BaHO MPUH-
LUK BIUIMBY HAIPyXXeHb, [0 BUHUKAIOTh MPH BIAKPHUTIH po3poOmi pomosumn. HampyskeHHs, BUKINKaHI HaBaHTaXCHHSM BinBaiy, Oymn
MIpOaHaJi30BaHi y MOPIBHAHHI 3 HANIPY>KCHHSIMH, OJICP)KaHUMU 32 JJOIIOMOTOI0 aHaJli3y CKIHYEHHX €IEMEHTIB, IIPH [IbOMY Pe3yJIbTaTh B 000X
BUIAJIKaX J00pe y3roKyBaIKcs MiX co0oto.

HaykoBa HOBHM3HA. 3alIpOITIOHOBAHO HOBUH MiAXiJ JO aHAJi3y MEXaHi3MiB PO3MOALUTY HAIIPYKEHb B KOMIIO3UTHOMY YKOCI Ta MEXaHi3MiB
nedopmartii. 38’5130k MiXk yMOBaMHU HaBaHTAXEHHSI 1 TapaMeTpaMH YKOCY aHAI3YETHCS 3a JOIOMOT0OI0 TeOPii INIACTUYHOCTI Ta MPY>KHOCTI.

IpakTnyHa 3HAYMMIiCTb. Pe3ynbpraT HoCTiKeHHS €EeKTUBHO ONHCYIOTh MEXaHI3MH PO3MIOALTY HAIPYXKEHb 1 JTO3BOJISIOTH ITPOaHaTi-
3yBaTH CTIHKICTh KOMIIO3UTHUX YKOCIB, II[0 € OCHOBOIO ISl OIIEPEAHBOTO MPOEKTYBAHHS CTIHKOT0 KOMIO3UTHOTO YKOCY.

Knrouosi cnosa: komnosummuil ykoc, Mexaizm deghopmayii, 6i08a NOPOAICHbOI ROPOOU, Meopisi NIACMUYHOCTL, MENOO CKIHUCHUX eleMeHMIE

Mexanun3Msl JepopManuy U pacnpeejieHHe HANPSAKEHUH B KOMIIO3UTHBIX 0TKOCaX KapbepoB

I, Baprop, L. baua, 1. Kuarxuanr, Y.C. XXao, M. Cunaukys

Hean. UccnenoBanne MexaHU3MOB JedopMalivii ¥ pactipe/ieNeHUs] HaNpsDKEHUH B KOMITO3UTHBIX OTKOCAaX KapbepoB IPH TIOMOIIH YHC-
JICHHOI'O MOZCINPOBAaHUA METOAOM KOHEYHBIX 3JICMEHTOB JIs IIPOrHO3a UX yCTOl‘/'I'-lI/IBOCTI/I.

Metoauka. Onycanue ¥ MHTEPIPETALs] MEXaHHYECKON pacyeTHOM MOJIENTN HANPsDKeHUI JUIsl OTBaa IycToi Mopo/sl B mporiecce Gpop-
MHUPOBAaHHUS KOMIIO3UTHOTO OTKOCA BBHIIOJHEHO HA OCHOBE TEOPHH IIACTHYHOCTH W YIpyrocT. [IpoBeseHO 4YHCIeHHOe M aHAINTHYECKOE
MOJICITUPOBAHUE PACIIPECTICHNS HAPSHKEHUH B KOMIIO3UTHOM OTKOCE TIOCPEICTBOM HCIOIB30BAHHS MOIIHOTO MIPOTPaMMHOTO 00eCcTIedeHus
Sigma/W, GyHKIMOHHUPYIOIIET0 Ha OCHOBE METO/1a KOHEYHBIX JIEMEHTOB.

Pe3yabTaThl. UncieHHOE W aHATTHTHYECKOE MOJICITHPOBAHKE TIO3BOJIIIIO YCTAHOBHUTH, YTO YBEJIUYECHHE BHICOTHI U YTIIa OTKOCA IPHBOIUT
K YBEIMUCHHIO HANPSDKCHUH B TEOHANPSDKEHHOM TI0JIe KOMITO3UTHOTO OTKOca. YHCIIEHHOE MOJEIMPOBaHIE TaKKe ITOKAa3allo, YTO MO Mepe
OTOJBUT'aHMS OTBajia OT TOYKH IPWIJIOKEHHs HAarpy3KH, BbI3BAaHHAs UM OCajKa IOPOALI B OOJIBIIEH CTEIEHH IPOSBIISIETCS O] OTBAJIOM H
YMEHBIIACTCS MPU YJaJCHUU OT HEro, YTO NPUBOIUT K YMEHBLICHUIO HamlpspKeHWH. /laHHas TeHJEHLUs MOKa3bIBA€T UyBCTBUTEIBHOCTh
MOJIEJIH, OIIMCHIBAIOLIEH BIMSHHE OTBajla B PA3HBIX TOYKAX MPH YUCIEHHOM aHAIW3€ YCTOMYMBOCTH KOMIIO3UTHOTO OTKOCA. Y CTaHOBICHO,
4YTO HaIPsKEHHUEC, BBI3BAHHOC Tpaneuemlanbﬂofx'l HanySKOﬁ, MCHBUIC, YEM HAIPSAXKCHUE, BOZHUKAIOUICEC IO/ ﬂeﬁCTBHeM prlMOyl"OJ’leOﬁ
Harpy3kd. ChopMynupoBaHbl NPHHIUIIEI BIUSHUA HANPSHKEHUH, BOSHUKAIOMINX TPH OTKPBITOH pa3paboTke MecTopokaeHui. Hanpsokenus,
BBI3BaHHBIE HAarpy3KOH OTBajia, OBUIM NMPOAHAJIM3UPOBAHBI B CPABHEHHUHU C HANPSDKEHUSAMH, MOTYYEHHBIMH C TIOMOIIBIO aHANN3a KOHEYHBIX
9JIEMEHTOB, TIPH 3TOM PE3YJIbTaThl B 000MX CITydasiX XOPOIIO COTJIACOBBIBAIUCH PYT C APYTOM.

Hayunas HoBH3HA. B cTaThe mpeioskeH HOBBIN MOAXOM K aHAJIH3y MEXaHH3MOB PACTIpeIeNICHHsT HAPSDKEHIH B KOMIIO3UTHOM OTKOCE
1 MexaHU3MOB Jedopmarin. CBs3b MEX/Y yCIOBUSIMU HAarpy>XeHHsl U MapaMeTpaMH OTKOCA aHAIN3UPYETCs C TIOMOIIBIO TEOPUH IIIacTHY-
HOCTH U YIPYTOCTH.

IIpakTHYecKasi 3HAUYNMOCTb. Pe3ynbTaThl HccieoBanus (GEKTHBHO ONMUCHIBAIOT MEXaHU3MbI pactpe/IeNIeHUs] HalPsDKSHUH U TI03BO-
JIAIOT IPOAHATU3UPOBATh YCTOHUYMBOCTH KOMIIO3UTHBIX OTKOCOB, YTO SIBJISICTCS OCHOBOM JUIS MPEABApUTEIBHOTO IPOSKTUPOBAHUS YCTOMYH-
BOTO KOMITO3UTHOT'O OTKOCA.

Kntoueenie cnosa: Komnosummbuiil OMKoC, MexaHusm oepopmayui, 0mean nycmotil nopoobl, meopust NIACIUYHOCHIU, MeNOO KOHEUHbIX J1eMEHMO8
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