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Abstract: Long time monitoring is acquired to obtain the displacement data for displacement-based geotechnical material back
analysis, and these data are hard to be measured under some special condition, such as earthquake. For a simple homogeneous slope,
the position of a critical failure surface is determined by value of c/tan ¢. Utilizing upper bound theorem of limit analysis, the external
work rate and internal energy for normal slope under earthquake forces are given, and the formula for minimum safety factor is
derived. On this basis, the equation of slip surface and the surface depth of a given position are solved. In this way, the strength
parameter can be analyzed by known slip surface depth. For practical use, the surface depth for a given slope under varying strength
parameter is presented. Finally, two examples are given to show its simplicity and effectiveness.
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1 Introduction

General geotechnical engineering stability analysis
techniques, such as limit equilibrium [1], numerical
simulation [2], and limit analysis [3—5] were developed
and proliferated to become powerful tools for
geotechnical engineering design and construction
procedure. They have, as in other engineering fields,
been applied in these slope problems mostly to calculate
the safe factor for design and construction purposes.

However, difficulties in using these methods were
soon experienced by geotechnical engineers who tried to
analyze the stability or to predict structures behaviors by
limited or incomplete strength parameters. It is rightful,
thus, that the focus is shifted towards finding ways to
determine the missing parameters or those cannot be
obtained by routine test. The procedure of using field
measurements in order to obtain input material
parameters is called back analysis technique [6—7].

Since this method was first proposed by
KAVANAGH and CLOUGH [8], the deep development
and wide usage, rapid advances in back analysis
technology brought qualities of new approaches, by
which engineers solved plenty of parameter obtained
problems successfully. The new approaches of back
analysis can be divided into two groups grandly: the
inverse method and optimal method. The former, given

by SAKURALI et al [9], is based on the system equations,
by which the numerical solution of material parameters
or loading condition can be derived by the observed
displacements. However, as the equations are established
on some impractical assumptions, the inverse method is
difficult to apply to practical engineering [10—12].
Another popular method in back analysis is optimization
method, in which, the sum of error square between
calculated displacements and observed ones is often
treated as the optimization objective. The system
equations here are only used as constraint conditions and
free of converse illation, so the optimization method is
more applicable for practice. Extensive studies have been
conducted to develop different models of displacement-
based back analysis. What’s more, some back analyses
also have been utilized based on field measurements of
strains and stresses.

Some slopes are instable under earthquake. For
these slope failures, the conventional method for
evaluating the effect of an earthquake on the slope
stability is the so-called pseudo-static method. Due to the
abruptness of the earthquake, in most seismic slope
cases, the field measurements (displacement, strain and
stress) are unavailable. Lock of these data increases the
difficultness of back analysis. Consequently, a question
arising in practice is how to determine the strength
parameters of the slope under earthquake forces.
Furthermore, the multi-step slope is generally applied in
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practice. However, the stability and failure research of
such slope under earthquake is too few to satisfy the
demands of construction [13—17].

In fact, compared with the displacement, strain and
stress, the location of slip surface is easy to measure. In
the present work, a new back analysis method is
proposed for the two-step soil slope under earthquake
forces based on the slip surface depth, which is obtained
by limit analysis. Earthquake forces, regarded as external
forces, are calculated using a seismic coefficient. In order
to see the validity of the present approach, back analysis
result is compared with the conventional result.

2 Relationship between slip surface and
strength parameters

The factor of safety (F) of slope engineering is
defined as a ratio of the actual shear strength of the soil
to the shear strength making the slope into the limit state.
In Mohr-Coulomb failure criterion, the soil strength is
described as two parameters: the cohesion ¢ and internal
friction ¢. Thus, F' can be expressed as
c tang

F=—= ;
¢ tang

)

where c¢ is the actual cohesion, ¢ is the internal friction
angle, and ¢' and tan¢g’ are shear strength making the
slope into the limit state.

For a homogeneous slope with a certain geometry,
unit weight and pore water pressure distribution, the
location of a critical slip surface is related only to
c'/tang'. In order to demonstrate this, it is assumed that
the soil strengthen parameters of a simple homogeneous
slope are ¢y and tang),, and the minimum safety factor
Fy is given. When the strength reduction method is
applied, the strength parameter is changed to

a=¢/k @)
¢, =tan " (tan g / F;y) 3)

The slope is in the limit state, denoted as state A.
The slope slip surface under ¢y, tang,, is the critical slip
surface. If the initial shear strength is (¢, ¢;), there are

¢y = ¢ “)
o= tan™! (wtang ) (%)

Thus, it can be obtained:

@__ 5% (©)
tang, tang
The reduced shear strength also is
¢ = ¢,/ OF, (7
¢, = tan"'(tan &, / wF,) ®)

The slope is in the limit state too, denoted as state B.
In states A and B, the slope geometry, unit weight, and
pore water pressure distribution are the same, so the
location of a critical slip surface remains at same
position.

Noting the fact that c,/tan¢g, =c;/tangy, it is
concluded that if other conditions except strength
parameter are the same, the position of slip surface
depends only on the magnitude of cy/tang, of that slope
because of the same reduced strength parameter, but with
different safety factor. For a certain slope, if the location
of slip surface is given, c/tang can be also determined.
For convenience, the following dimensionless parameter
for c/tan¢ is introduced:

C

Ay = 9
of yH tan ¢ ©)

where y is unit weight of soil, and H is reference height,
which is taken as vertical distance between two end
points of a given failure surface.

The critical slip surface under different 4, , is
shown in Fig. 1. Same 4. , makes the same critical slip
surface, and the slip surface becomes deeper as the
magnitude of 4, , increases.
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Fig. 1 Critical slip surface with different 4 4 in simple slope
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3 General slope under

earthquake forces

safety factor

The pseudo-static method is generally applied in
solving the safety factor of slope under earthquake forces,
by which the dynamic effect of earthquake is considered
as the horizontal and vertical static forces [18—20].
Although as an approximate method, the pseudo-static
method performs well in earthen structure design and
construction, the seismic stability of general slope is
analyzed by this method in the present work.

An earthquake has two possible effects on the
seismic stability of slope. One is to increase the driving
forces, and the other is to decrease the shearing
resistance of the soil. In the present analysis, only the
increase of the driving forces is investigated under an
earthquake, and the shearing strength is assumed to be
unaffected. The horizontal and vertical driving forces are
equivalent to static forces acting on the rigid body in the
pseudo-static method, expressed as coefficients 4, and £,
In conventional research of geotechnical structure
seismic stability, the dynamic effect in vertical direction
is less considered based on the cognition that the two
direction accelerations cannot attain the peak
simultaneously. What’s more, the maximum vertical
acceleration effect is only 40%—50% that of the
horizontal one [21-23], so only the horizontal seismic
coefficient k, 1is considered; the vertical seismic
coefficient is disregarded.

Combining the strength reduction method and the
upper bound theorem, slope safety factor Fj, being the
evaluation index for slope stability, can be solved. After
F; is determined, the velocity discontinuity line, obtained
with reduction strength soil, is critical slip surface of the
slope. For the velocity discontinuity line is closed to
logarithm-spiral [24-25], we employ the rotational log-
spiral discontinuity mechanism for the present analysis.

Utilizing the linear Mohr-Coulomb failure criterion,
the rotational log-spiral discontinuity mechanism is
employed for the present analysis, as shown in Fig. 2.
The region OBAO rotates as a rigid body about the centre
of rotation O, with the material below the velocity
discontinuity line remaining at rest. It will lead to a limit
load or stability factor which is not less than or equal to
the actual one, if the energy dissipation rate along the
velocity discontinuity line is equal to the work rate of the
external forces in any kinematically admissible velocity
[26-30].

For the homogeneous soil slope, the external rate of
work is done by the soil weight W bounded by the
boundary line BB'CA'A and the sliding surface, the
surcharge ¢ on the top surface and earthquake forces
expressed as the inertia forces. Thus, the rate of work due

Fig. 2 Failure mechanism for a homogeneous slope

to the soil weight 7 and the horizontal inertia force A,
can be expressed as

Weoit = 7”03-0[f1 — LS S5l+

11 ey Sy = o= = fa = 5] (10)
where k;is the horizontal seismic coefficient, defined as
the ratio of the horizontal inertia force &, to soil weight
W above the logarithmic spiral surface, y is the total unit
self-weight of the soil, 7, is the initial radius of the
log-spiral, and ©Q is the angular velocity. The expressions

fi—fs are the rates of work due to the rock weight W7,
which can be expressed as

Ji ={@Btangcos, +sin G, )exp[3(6, —6,) tan ] -
(3tan¢cos€0+sin€0)}>/3(1+9tan2 ?) (11)

fo = (Lny)sin Gy 2056, ~ L 1) (12

H L L
fi =2 (Dcos? G + = (= —2c0sGy) +
3 5 Iy K

sin 6, cot S, (cot 6, —£) -

"o
ﬂﬁcotﬂl(cos&0 +£—sin6’0 cot )] (13)
2 5 Ty

fi= %(}/ﬁ){(cos2 6, +sin g, cos, cot S,)-
0

exp[2(6, —6,) tan ]+ (2r2cos 6, +r25in 6, cot 5, +
0 0

o, H a, H .
22 cos 6, cot B, + == —sin @, cot’ 5,)-
T 2 5

expl(6, — 6 tan 4]+ (?)2} (14)
0

fs = l(2) sin g, {2 cos G, exp[(&, —6,) tan 9] + 2} .
6 1 Ty

exp[(6, —6) tang] (15)

" =sin g, exp[(6, —6,) tan @] —sin g, (16)
To
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L_ cos &, —cos 8, exp[(8, —6,) tan ¢]—2—
Ty o

H
(r_)(al cot f +a, cot ;) (17)
0
The rate of work due to the surcharge ¢ and
horizontal inertia force kg can be expressed as

0, = a1 2 f, +qry’ k. f; (18)

s =l£(200s9—£) (19)
27 7

/e =£sin9 (20)
)

where ¢ is the applied vertical surcharge. The
coefficients related to the rate of work due to the
horizontal inertia force &,/ can be expressed as

fl ={(3tan¢sin G, —cos b, )exp[3(6, —G,)tan$] -

(3tangcos b, —cosHO)}/3(1+9tan2 @) 21)
fr = 1L G2 6y (22)
35

fi= %(VE)[COS 6, sin 6, +sin* 6, cot 3, +
0

A H os0,+sincot f-L)-Lsing) (23
2 5 o K

7 - %(E){exp[Z(ﬁh ~g,) tan #(cos b, sin 6, +
To

. H H .
sin” 6, cot f3,) —(ﬁ—cos 6, +22 2 in 6, cot B, —
2 2 r

D gin 6,)exp[(6, —6,) tan ] - % (E)(Q)} (24)
T 2 1K

fs =§Bexp[2(9h —0,) tan ¢]sin* 4, (25)
To
For the rigid material considered, the internal
energy is dissipated only along the sliding surface. The
rate of energy dissipation can be expressed as
crOZQ

Wi = Jtang {exp[2(6, — ) tan §] -1} (26)

Equating the work rate of external forces to the
internal energy dissipation rate, we obtain W,itQOq=Wiy.
Substituting the expressions for Wy, Oq and Wiy into
this equation, we obtain

1
2y tan ¢
c{exp[2(6, —6,)tang] -1} —_2 '[al‘l ¢(]§ + 1E1f7)_q N
N—fo-f—fa—f) k(G —fL—fi—fa—15)
{sin @, exp[(6, —6,) tan g] —sin 6, } 27

X

where location of the log-spiral is controlled by three
parameters, 6y, 6 and D, which are regarded as variables.
The optimization method is often used to optimize the
objective function Eq. (27) with respect to 8y, 6y and D,
to get a least upper bound for the critical height H, of the
inclined soil slope.

When the soil strength parameter changes to (cg,
tan ¢y), the critical height H. of soil equals actual height
H, which bring the slope into limit state. The strength
parameter (cg, tan @) is obtained by

¢ =cl/F, (28)
tangy = (tan @)/ F, (29)
Substituting Egs. (28) and (29) into Eq. (30) and
making H.=H, we obtain
F, = c{exp[2(6, -6 tang ] -1} -
2tan€0f(f6(¢f)+khf7(¢f))qXWX
{sin@, exp[(G, —6,)tang;]—sinb,} x
W[ (Pe) = 12(De) = f3(b0) = fa (@)= fs(de))+

k(@)= 80~ f5(80) = f3(be)— fs(b )}
(30)

The extreme value of F is minimum upper bound
solution of slope safety factor. The problem actually is
mathematical programming as follows:

min  F, = F,(6y,6,.D/1y)

0<90<§, 0, <0, <m,
£>0, £>0

s.t o o
Si=hh=fi=famfs>0
Lo
To

When parameters 6,, 6, and D are obtained by
optimization algorithm, the slip surface of slope in limit
state can be determined.

4 Back analysis based on slip surface

As mentioned above, the dimensionless parameter
A4 determines the location of potential slip surface. It
has been shown that the relations between ¢ and ¢ can be
identified from slips in homogeneous slope by
considering the condition: the theoretical critical slip
surface is consistent with the actual one. A
straightforward back analysis technique that also meets
this condition is presented. In this method, the magnitude
of c/tang or A 4can be solved by the location of failure
surface, namely the slip surface depth of a known

position 7y can be determined by
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r=ryexp[(0—0,)tand] (31

The above formula in Cartesian coordinate system
is

V=20 +(r=x,)* =
Y—Jo
ry exp[—arctan(~———) — 6, Jtan ¢ (32)
X=X,
where x, and y, are the coordinates of logarithm-spiral
original point and determined by the following formula:

H H

xg = L BT L1 cos6, (33)
tanf, tanp,

Yo =H +7,sinf, (34)

Substituting Eqs. (33) and (34) into Eq. (32), when
x coordinate of a position is given, the magnitude of y,
namely slip surface depth, can also be gained as shown
in Fig. 3.

Fig. 3 Depth of potential sliding surface at different positions

H-y,
o H N a,H <x< o H N o, H Ll
tanf;, tanp, tanf;, tanp,
o H
tan f
o, H << o H N o, H
tan 5, tanf,  tanp,
o, H
tan 5,

tanﬁZ(x_ )_ys

h(x) =

xtanf, -y, 0<x<

-y, —D<x<0

When the geometry, unit weight and pore water
pressure distribution of a homogeneous slope are given,
the location of slip surface will be determined by the
magnitudes of A.4 Thus, the slip surface depth can be
obtained by the equation of logarithm-spiral. In this way,
the relationship between slip surface and A4 is built,
confirming the possibility of back analysis by slip
surface depth.

For practice use in geotechnical engineering, the
magnitudes of A, sand slip surface depth at slope crest of

different £, and S, are presented in Table 1 and Table 2,
with the parameter g=0 kN/m?%, »=20 kN/m’, H=20 m,
aH/tanf=a,H/tan f,, and k;, varying from 0 to 0.20.

Table 1 Slip surface depth at slope changing points for $,=80°
(Unit: m)
B/ e
) o1 0.3 0.5 0.7 1
10 1330 1560 1629  16.93 17.62
20 13.74 1581 16.51 17.19  17.83
0 30 14.10 1597 16.75 1730  18.13
40 1436 1595 16.94 17.47  18.32
50 14.67 1622 17.13 17.68  18.68
10 1397 16.04 16.66 1724 17.86
20 1436  16.23 16.86  17.47  18.05
0.05 30 1469 1637 17.08 17.57  18.32
40 14.93 16.35 17.25 17.73 18.49
50 1520 16.60 1742 1792  18.82
10 1457 1644 17.00 17.51 18.07
20 14.93 16.61 17.17  17.73 18.24
0.10 30 1522 16.73 1737  17.81 18.49
40 15.43 16.72 1752 17.95 18.64
50 15.68 1694  17.68 18.12  18.93
10 15.12 1680 17.30 1776  18.27
20 15.43 16.95 17.46 1795 18.42
0.15 30 1570  17.06  17.63 18.03 18.64
40 15.80 17.04 17.77 18.16  18.78
50 16.11 1724 1791 18.31 19.04
10 15.61 17.12 1757 1798  18.44
20 15.80  17.25 17.71 18.16  18.58
020 30 16.13 17.35 17.87  18.23 18.77
40 1630 1734 1799 1834  18.90
50 16.50 1752 18.12 18.48  19.14

ky

Based on the field measurements, the magnitudes of
Je,¢ can be determined by the slip surface depth, also the
relationship between ¢ and ¢. For the concrete value of
them, another relationship is needed often by the two
following methods:

1) Assuming the magnitudes of one parameter, the
other can be determined. The assumption of the
parameter, with the less influence on the safety factor or
easily determined by engineering experience, is made in
most cases (Fig.4(a)).

2) The safety factor of failure section is supposed to
be 1. Thus, the relationship of the two parameters with
F=1 is obtained. Based on the curve of ¢c—¢ and the
magnitudes of 4. 4 the back analysis result can be gained,
as shown in Fig. 4(b).
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Table 2 Slip surface depth at slope changing points for f,;=60°
(Unit: m)

ks B! ey
©) 0.1 0.3 0.5 0.7 1
10 001 052 595 762 1075
20 090 247 950 12.00 10.00
0 30 432 774 1024 1281 1334
40 566  9.80 1175 13.15  14.95
50 871 1330 1452 1570 16.02
10 1.61 208 707 861 1149
20 243 388 1034 12.64 10.80
0.05 30 558 872 1102 1339 13.88
40 680 10.62 1241 1370 1535
50 962 13.83 1496 16.04 16.34
10 3.08 351 811 952 1217
20 384 517 1111 1323 11.54
0.10 30 673 962 1174 1392 1437
40 786 1137  13.02 1421 1572
50 1045 1433 1536 1636 16.63
10 444 483 906 1036 12.79
20 513 635  11.82 1377 1222
0.15 30 779 1045 1240 1440 14.82
40 883 1206 1358 1467 16.06
50 1121 1478 1573 1665 16.90
10 568 604 993 1113 1337
20 632 744 1248 1427 1284
020 30 877 1122 13.01 1485 1523
40 973  12.69 1409 1510 16.38
50 1191 1520 1607 1692 17.15

5 Comparisons

5.1 Example 1

Considering the earthquake forces, WANG et al [31]
conducted numerical simulation to explore the process
and mechanism of formation of the sliding surface using
dynamic-strength-reduction =~ method,  with
quantified information. The sliding surface solved by
pseudo-static method is shown in Fig. 5. The unit weight
of the slope is 20.0 kN/m’. Utilizing the method in
presented work, the magnitude of 4 4 is calculated by the
depth of slip surface in the middle point of the slope. The
calculating parameter in back analysis is shown in Table
3, and the variable D is fixed to be zero with the velocity

other

discontinuity surfaces by the slope toe.
From the calculation results, it is found that the
magnitude of c/tan ¢ is 0.29, which is similar with the

! ¢ua‘sumud
U 10 20 30 40 50 60 70
o/(°)
50r
40
£ 30
3

I 1 L L L I

0="10 20 30 40 50 60 70
o/(°)

Fig. 4 Basic back analysis approaches applied for slope:

(a) Assumed method; (b) Safety factor method

magnitude of c/tan ¢=0.27 (c=40 kPa, ¢ =20°) obtained
by the provided strength parameter. The error is about
6%.

5.2 Example 2

DENG and LI [32] proposed a searching method to
determine the most probable slip surface under
earthquake forces. In this work, based on limit
equilibrium method, considering the effect of earthquake
forces, the seismic safety factor and critical slip surface
of soil slope are solved under the horizontal and vertical
earthquake forces. Figure 6 shows the failure surface
with different k;,.

Appling the method that the present research
proposed, data of failure surface are used for strength
parameter back analysis, thus the calculating parameters
are shown in Table 4.

The A.4 back analyzed by the slip surface with
different k;, is shown in Table 5. The maximum error is
less than 7.5%, indicating that the present technique is an
effective technique for evaluating strength parameter of
soil slope utilizing the slip surface under earthquake
forces.
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F15
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120
Fig. 5 Critical slip surface of soil slope when k,=0.2 [31]
Table 3 Calculating parameters in Example 1
Parameter oy o H/m L1/(°) £/(°) ¢/(kN'm?) D/m kn
Value 0.5 0.5 20 45 45 0 0 0.2
Table 4 Calculating parameters in Example 2
Parameter oy 0 H/m L1/(°) £/(°) g/(kN'm?) D/m
Value 0.5 0.5 20 30 30 0 0
30
20f — k=0
10F k,=0.20
k,=0.1
0 10 20 30 40 50 60 70
x/m

Fig. 6 Seismic critical slip surface under different &, by DENG

Table 5 /.. ;and errors by back analysis

ke Slip surface depth/m Aerg Error/%

0 7.25 0.516 2.38
0.05 7.74 0.531 5.36
0.10 8.95 0.489 2.98
0.15 10.74 0.479 4.96
0.20 11.21 0.467 7.34

6 Conclusions

1) In Mohr-Coulomb criterion, the formula of
critical slip surface is determined by the magnitude of
c/tan ¢, while not by ¢ or tan ¢ respectively, when other
conditions are determined. For conveniency, the
dimensionless parameter A, j/~c/yHtan¢ is introduced and
the magnitude of 4.4 is back analyzed by the depth of
slip surface.

2) The work rate of external forces and the internal

energy of the two-steps slope under earthquake forces
based on the upper bound theorem is solved and the
formula is built for slope safety factor as well.

3) The formula velocity discontinuity line, namely
the critical slip surface, is solved by optimization. On
this basis, the slip surface depth of different positions is
obtained. What’s more, the magnitude of ., and slip
surface depth with different 5, §, and k; is listed.

4) By the slip surface depth of a given position, the
magnitude of 4.4 is back analyzed in two examples by
the presented method. The results coincide well with the
model strength parameters, indicating the effectiveness
of this method.

References

CHENG Y M, LANSIVAARA T, WEI W B. Two-dimensional slope
stability analysis by limit equilibrium and strength reduction methods
[J]. Computers and Geotechnics, 2007, 34(3): 137-150.

YAVUZ M, IPHAR M, ONCE G. The optimum support design

(1

[2]



J. Cent. South Univ. (2013) 20: 3274-3281

3281

(4]

(6]

(9]

(10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

selection by using AHP method for the main haulage road in WLC
Tuncbilek colliery [J]. Tunnelling and Underground Space
Technology, 2008, 23(2): 111-119.

YANG X L, WANG J M. Ground movement prediction for tunnels
using simplified procedure [J]. Tunnelling and Underground Space
Technology, 2011, 26(3): 462—471.

YANG X L. Seismic passive pressures of earth structures by
nonlinear optimization [J]. Archive of Applied Mechanics, 2011,
81(9): 1195-1202.

YANG X L, HUANG F. Collapse mechanism of shallow tunnel
based on nonlinear Hoek-Brown failure criterion [J]. Tunnelling and
Underground Space Technology, 2011, 26(6): 686—691.

FAKHIMI A, SALEHI D, MOJTABAI N. Numerical back analysis
for estimation of soil parameters in the Resalat Tunnel project [J].
Tunnelling and Underground Space Technology, 2004, 19(1): 57-67.
YAZDANI M, SHARIFZADEH M, KAMRANI K. Displacement-
based numerical back analysis for estimation of rock mass
parameters in Siah Bisheh powerhouse cavern using continuum and
discontinuum approach [J]. Tunnelling and Underground Space
Technology, 2012, 28(3): 41-48.

KAVANAGH K T, CLOUGH R W. Finite element applications in the
characterization of elastic solids [J]. International Journal of Solids
and Structures, 1971, 7(1): 11-23.

SAKURAI S, AKUTAGAWA S, TAKEUCHI K. Back analysis for
tunnel engineering as a modern observational method [J]. Tunnelling
and Underground Space Technology, 2003, 18(2/3): 185—196.

DENG J H, LEE C F. Displacement back analysis for a steep slope at
the three gorges project site [J]. International Journal of Rock
Mechanics and Mining Sciences, 2001, 38(2): 259-268.

YANG X L, ZOU J F. Cavity expansion analysis with non-linear
failure criterion [J]. Proceedings of the Institution of Civil Engineers-
Geotechnical Engineering, 2011, 164(1): 41-49.

YANG X L, YIN J H. Slope equivalent Mohr-Coulomb strength
parameters for rock masses satisfying the Hoek-Brown criterion [J].
Rock Mechanics and Rock Engineering, 2010, 43(4): 505-511.
HACK R, ALKEMA D, KRUSE G A. Influence of earthquakes on
the stability of slopes [J]. Engineering Geology Slope Transport
Processes and Hydrology, 2007, 91(1): 4-15.

RANDALL W J. Methods for assessing the stability of slopes during
earthquakes—A retrospective [J]. 2011,
122(1/2): 43-50.

YANG X L. Seismic bearing capacity of a strip footing on rock
slopes [J]. Canadian Geotechnical Journal, 2009, 46(8): 943—954.
YANG X L. Seismic displacement of rock slopes with nonlinear

Engineering Geology,

Hoek-Brown failure criterion [J]. International Journal of Rock
Mechanics and Mining Sciences, 2007, 44(6): 948—953.

YANG X L. Upper bound limit analysis of active earth pressure with
different fracture surface and nonlinear yield criterion [J]. Theoretical
and Applied Fracture Mechanics, 2007, 47(1): 46—56.

[18]

[19]

[20]

(21]

[22]

[23]

[24]

(23]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

AUSILIO E, CONTE E, DENTE G. Seismic stability analysis of
reinforced slopes [J]. Soil Dynamics and Earthquake Engineering,
2000, 19(3): 159-172.
MICHALOWSKI R L. Soil reinforcement for seismic design of
geotechnical structures [J]. Computers and Geotechnics, 1998,
23(1/2): 1-17.
SONMEZ H, ULUSAY R, GOKCEOGLU C. A practical procedure
for the back analysis of slope failures in closely jointed rock masses
[J]. International Journal of Rock Mechanics and Mining Sciences,
1998, 35(2): 219-233.
KAVAZANJIAN E Hanshin earthquake-reply [R]. Geotechnical
Bulletin Board, NSF Earthquake Hazard Mitigation Program, 1995.
YANG X L, YIN J H. Estimation of seismic passive earth pressures
with nonlinear failure criterion [J]. Engineering Structures, 2006,
28(3): 342-348.
YANG X L, HUANG F, WANG J M. Modified image analytical
solutions for ground displacement using nonuniform convergence
model [J]. Journal of Central South University of Technology, 2011,
18(3): 859-865.
CHEN W F. Limit analysis and soil plasticity [M]. Amsterdam:
Elsevier Science, 1975: 23-38.
VARAS F, ALONSO E, ALEJANO LR, FDEZ-MANIN G. Study of
bifurcation in the problem of unloading a circular excavation in a
strain-softening material [J]. Tunnelling and Underground Space
Technology, 2005, 20(4): 311-322.
YANG X L, YIN J H. Slope stability analysis with nonlinear failure
criterion [J]. Journal of Engineering Mechanics, 2004, 130(3):
267-273.
YANG X L, HUANG F. Influences of strain softening and seepage
on elastic and plastic solutions of circular openings in nonlinear rock
masses [J]. Journal of Central South University of Technology, 2010,
17(3): 621-627.
YANG X L, HUANG F. Stability analysis of shallow tunnels
subjected to seepage with strength reduction theory [J]. Journal of
Central South University of Technology, 2009, 16(6): 1001-1005.
YANG X L, ZOU J F. Estimation of compaction grouting pressure in
strain softening soils [J]. Journal of Central South University of
Technology, 2009, 16(4): 653—657.
YANG X L, HUANG F. Slope stability analysis considering joined
influences of nonlinearity and dilation [J]. Journal of Central South
University of Technology, 2009, 16(2): 292-296.
WANG J, YAO L K, ARSHAD H. Analysis of earthquake-triggered
failure mechanisms of slopes and sliding surfaces [J]. Journal of
Mountain Science, 2010, (7): 282—290.
DENG D, LI L. Based on a new method of searching for sliding
surface pseudo-static stability analysis of slope under earthquake [J].
Chinese Journal of Rock Mechanics and Engineering, 2010, 31(1):
86—98. (in Chinese)

(Edited by HE Yun-bin)



