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Fig. 3.3 Variation of the normal stress on the dlip surface

Nbi't = Nzi-1' + Nwi + Nui + Npi + NQi

ELi=cosni— sini-tan@i' / Fs

Zni' = Zi' - cOsd '

ZHi'

Ni'
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-3.3

Mi (3.13)

Mi = Mri + MLi + Mwi + Mui + MpPi + Mai

Mri = Zi-1' - {(Li-1' +du) cosd i-1' — (bi—IN)- sind i-1" }
Mu=-2Z"-{(Li'= d.) cosd i'+ In-sind i'}

Mwi =—W - (Iw— In)

Mui = Ui- (lu—INn) - seca i

Mpi = Pi-1- (hri-1+du) — Pi- (hei — du)

Mgi=—Qi- {hqi-coswi + (bi/2— IN)-Sinwi}

hri-i= hi-1/ 3
hri= hi/ 3
du = (bi — In)- tana i

d.= In- tana i

lw

haoi
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hri i

(3.13)
(3.14)
M =0 (3.14)
M= Ml, M2, MS, trte Mn-2, Mn-l, Mn
(3.14) Mi=0
o [
Li' (3.15)
. _ _Mri+ Mbi + Mwi + Mui + Mpi + Mqi
Li' = 7 oSS | + do (3.15)
Mpi=— Z'- IN - sind i
3.3 (3.10) (3.14) SS
SP
SP
3.5
351
( )
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Fig. 3.4 Modd of the SS method

\

\;
% ‘\\.

>

| PL

Ik

\
. \(

P1L P2

-35
Fig. 3.5 Displacement of dlices
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3.6

3.6.1

Vv
(3.17)

Ni'

Di

N)

Y Vi
(3.18)
€ Hi =us/ (d + di+1)
y Vi = v/ (d + di+1)
€ Ni = UNi /Di
us i i+1

i+1

ZHi'

Zbvi

d i
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Fig. 3.6 Definition of the strain of dice Fig. 3.7 Normal displacement
on the base plane of dice
3.6.2
H Y

(319)  (3.20)

O H'= € € Hi (3.19)
TVi=0g-Y Vv (3.20)
e g O Hi'
T Vi
-34 N
N
-3.6 Di
-3.7
( )
I (3.21)

d/dy =(y "y-cosai+0cq) /e (3.21)
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eNn(=1I17Di)
O N (3.21)
en=(onN+0Q) /( 2-¢)
O Ni'
( (35)) ON ONi 0Q
0
(3.22)
eN=(onNn'+0q) /(2-¢e) (3.22)
-34 o Ni'
(ole]
3.6.3
H us ZHi'
Hi -3.6 [ i+1
us ZHi' ( (316))

( (319)) (3.23)

us = ZHi' - mni/ e (3.23)

mhi=(di + di+1) / Hi

n Zn

usn=0
3.64

UHi
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a)
Vi
2
(3.24) (
tanv pB = — € DHi /Y DV
(3.25) (3.26)
€ DHi = UDHi /1B
Yy Dvi = Vbi /B
UDHi
ts
( ,1987a)
(woi = wvi) UDHi
UDHi = — Vi * tan@ '
n
UbHn =0
i i+1
H us
(3.28)
UHi = Us + C i* UDHi
Ci [ i+1
0

€ DHi

-3.8

( ,1987a)
Y DVi
DB
,1987a)
(3.24)
(3.25)
(3.26)
(associate flow rule)
V DB = @ m'
Qs V DB=@ §'
(3.24) (3.26) (3.27)
(3.27)
2 UHi
Ci UDHi
(3.28)
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Fig. 3.8 Displacement on the interdlice and dlice base plane
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UHi
Hn=0 Hi (3.29)
i n-1 UHi
n-1
i = ]z:i UK (3.29)
(1 i n-1)
3.6.6
N UNi
UNi ( (318)) (
(3.22)) (3.30)
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uni = (Ni'+Nqi) - mi /(2 e)

mi= Di/li
li Noi=0 qi- |i
3.6.7
Vi
351
-3.8 b)
Hi
Y DPi € DNi 2
V DS (3.31)
tanv bps= — € DNi /Y DPi
(3.32) (3.33)

€ DNi = UDNi / ts

y opi = DpP / ts

ts UDNi
(3.31D) (3.32) (3.33)

(tanv ps = —ubni /' DPi )
( ,1987a)
DVi
(3.34)
pvi= Hi -tan(ai— @ m')
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UNi (3.35)
Vi = UNi- Secd i + Dwvi
3.6.8
-35 [ i+1 2
(3.36)
Vi= Vi— Vi+1
Vi
)
Vi UNi (3.34)
(3.36) (3.29) ( Hi=
(3.27) (3.28)
(3.37) ( 31 )
vi={Bi - Hi+1+us-tan(ai — @ m')+ UNi - Seca
A=1+C i-tang s' - tan(a i — @ m')
Bi=tan(ai — @ m') — tan(a i+1 — @ mi+1")
1 i n-1 V=0
(3.37) Hn
Vi (3.38)
Vi= vri /e
VTi (3.23) (3.27) (3.29) (3.30)
(3.38) (3.39) (

vii =(CHi+Cni) / A

n-1

Chi=Bi- 3 (M- Zw'= L j- Vi tang ') + mhi-

=1+

DVi
(3.35)
Vi
(3.36)
(
(3.35) (3.35)
Hi+1  UHi)

i— UNi+1- Secd i+1) /A

(3.37)
(3.38)
(3.37)
32 )
(3.39)

ZHi' - tan(a i — @ mi')

Cni ={ mi-(N'+Nqi)- seca i — mis1-(Ni+r'+Naqi+1) - seca i+1 }/2
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3.6.9

Zpvi Vi (3.17)
( (320)) (3.40)
Zovi= Q- Vi /i
Zpvi
O Di ZHi'  Zpvi (341)
tand bi = Zovi / ZHi'
O Di (3.39) (3.38)
(341) (3.42)
9 CHi + Cni
tand oi = e mhi- A ZHi
3.6.10
o (342) 9 i (3.3)
Zvi(=2Z'-snd i)
Qs cs'
(3.43)
Ts = Zui' - tan@ s' + cs' - Hi
Ts 2vi
\Y (Ts |2v]) (3.3)
(344) o ¢
5¢=1 —2-tan'(k- tan m/2-00i° )
2 2
(Ts [2vi]) o i
(3.45)
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tand i' = (Ts /ZHi") (2vi/|2vi])

(343)
o O Di
(g/e)
o
e
(346)  (347)
_ (1-v) -E
CTTa-2v) @)

E
972 @)

(343) s =¢nm

(g/e) (3.48)
9 _ _1-2v
e 2-(A-v)
E
3.6.11
Fo
2vi
Fo= Ts / |2vi
Fs (3.50)

Fo = Fs- Ta/ |2vi
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( -39 )
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o i (3.44) O Di

o i ( ) o i ( -39
) o
(3.44) o k
(351)
di'r=(0i"+a-ds)/(a+1) (351)
o ( -39 )
0s o i a
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0i'=0 F, Zui', Ni' ot'=0
(1
O
Fso i
Fs1=0
=1
0 s'=0
iP=1
| FORCE|
0s' =01

[ =(3i+a & s)/(at+l) |

[ ]
RETURN

RETURN

-39
Fig. 3.9 General flow chart of the SS method
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1986)
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Famed
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O Di
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(

Case
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(Morgenstern & Price, 1967)
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Case
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,1990)

f(x) ki
SS
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-31 SS (v =0.3)
Table3.1 Comparison of safety factors obtained from the SS(v =0.3) and other methods

SS

1 2 3 4 5 6 min | med Fs k

1361291 |1291|126|143|1281| 0.85

143154 | 163|163 | 1554|1554 |141|157|1539| 081

151 |165|177| 176|159 | 1.596 | 1.41 | 1.63 | 1.585 | 0.54

119128 | 136|134 | 1269|1269 | 117|132 | 1264 | 0.27

140|153 | 1.60 | 1.59 | 1.520 | 1.520 | 1.37 | 1.57 | 1.500 | 0.42

1. Fellenius 2: Bishop 3: Janbul/3 4:
5: M&P 6: SP , 7.
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Fig. 3.10 Theinterdice forces of the each case
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Fig. 3.11 k andd i' depending on v
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44 SS

4.3 SS
(Kawai,1977) ( RBSM )
RBSM
( )
(Zienkiewicz, Humpheson & Lewis, 1975 ,1984
San,1988 ,1989) RBSM ( ,1994)
( ) RBSM -3.14
1.0 10 tf/m (9.8 10 kN/m )
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2 -3.15 0 i
Fs (
)
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-3.15 o
Fs 2
RBSM SS
ZH Zv 2
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Fig. 3.14 The mesh division of the RBSM
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Fig. 3.15 Comparison of the interdice forces obtained from the SSM and RBSM
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45 SS
¢'=30
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SS
(1991a)
19.6 Prandtl
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-3.16 5
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(
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SS Ng
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Bishop 31.1

Na 30 Janbul 27.9
q Rendulic 22.6

Proposed 19.6 Hansen 22.5
— Prandtl Jaubu2 GLEM 19.5

—GLEM Prandtl 18.4

Proposed | | D'Shop Janbul Jaubu2 13.0
Spencer Spencer 9.5

* Hansen- _ _ Frict.circ. 9.0
—Fellenius Frict.circ. Fellenius 5.6

— Rendulic

-3.16 (Ng 30 )
Fig. 3.16 Results of bearing capacity (Nq 30 )
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Chapter Evaluation of the SS Method
on Typical Soil Failure Problems
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(Slice Spring Method)

Nq

)

Ka

90

,1987c

(

Nc

,1997a)

Kp

,1986)

Nr



k(Scaling factor)

SS
( ) (
)
SS -34
21
SS M&P (Morgenstern-Price ) (Morgenstern & Price, 1965) SP
(Spencer ) (Spencer,1973) o i (4.1)
(¢ 41 )
tann/2—6i': K - tan 1 /2— d Di 41
2 2
O Di
( ) k
O Di o i
(Scaling factor) i
o oi" O Di
2 1 -4.2
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k
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Fig. 4.1 Application angle of the interdice force
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Fig. 4.2 Virtual direction of inter-slice force angles
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2.3

Spencer,1967 Spencer,1973 Bishop,1954)

( ,1997a)

-4.3

IN=(Qv lo+W Iw) / (Qv+W)
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5 b (K
k# 1

(Morgenstern & Price, 1965,
(Janbu,1955)

3.4

(4.2)
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Fig. 4.3 Acting position of normal force
on the base plane of the edge dlices

24
SS
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Cil
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(4.3)
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(4.5) 4.7 Mohr-Coulomb

Sni =Semi + Sumi (45)
Sm Sumi
(4.6) 4.7
Scmi = comi' + bi - seca i (4.6)
Swm = N'- tan@ mi' 4.7
bi o i Ni'
24.2
-4.4 i
(z' z1) W
Ni'
i i Ui
(P Pi1) Qi
-4.4
@ m' u [
u Wi
(4.8)
WFi = u Fi (4.8)
Fi = Pi - RF (4.9)
Pi, RFi (4.10) (4.12)
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Pi = Z' Z1' W Somi Ui P
~ —cos(X i+d i) ~
cos(X i +0 i-1')
—siny i
RFi = — COSP mi'
sin@ m'
—COSY i
CosY i
~ —cos(X i— wi) 7
X i
Xi=@Qm'—0ai
Z'
wi Qi
(4.8) (4.12)
Wi 0
0 i
FF =20
(4.13)
(4.14)
F =
F= Fi, F2, F3, - - -+ Fn2, Fn1, Fn
n
(4.14) (4.10) Qi
SP M&P

96

Pi-1

Qi

(4.10)

(4.11)

Pi i
Zi'

(4.12)

(4.13)

(4.13)

(4.14)

4.2
(3.10)



Ni'
( Morgenstern & Price, 1965 Spencer,1973)
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-4.4
Fig. 44 Virtual displacement of the force equilibrium condition
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W =

(4.15)

Wi

W (4.15)

[PH, Pv] (_3{
45 i
(4.16)

Wi =06 - M

Mi =

Ruwi

Rmi =

Pi - Rwmi
(4.18)

~ —COSD i'*yzL+SNnd i'-XzL
COSD i-1'*yzR— SINO i-1'* XZR
— Xw
—COSO i*ys+ Sina i+ Xs
Sina i-yu + Cosd i+ XU
—ypL
VPR
—COSW i*YQ— SINWi*XQ

-

(xzLyz) =(-In , Li'— du)
(xzrR,yzR) = ( bi—In , Li-t'+du )

Gw,yw) = (Clw=In -, yw)

(xs,ys) = ( bi/2—In ,(bi/2—IN) tana i)
(xu, yu) =(lu=In ,(lu=INn) tana i)
(e, yp) = (xpL , hpi—dL)
(xPR,yPR) = ( XPR , hpi-1+du)
(x@yQ)  =(le=In ,ho)

du = (bi— In) - tana i

d =

IN- tana i

98

(4.15)

(4.16)
(4.17)

(4.18)



Li' Zi'

In
ho N Qi
Qi lu
hpi Pi
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Fig. 4.7 Ruptune shapes of the active earth pressures
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3.2 Kp

30 4 8
Kp
-4.8
-4.8 SS
Sokolovsky (1958)
Sokolovsky
-4.9
Kp
(6.83) Sokolovsky (1958) (6.55)
4.3%
(657)  Sokolovsky 0.3% Chen
(7.10) -7.5%
15 5 SS
-4.10 Kp(4.63)
Sokolovsky (4.62) 0.2%
Chen(1975)  (4.71) -1.9%
SS Sokolovsky
SS

103



o
08 0 8
— —
2 3
P o o
5 § 0 _8 S
- P b ;’_ H H
\ | o g
\\E%
0 9 ) 20 S
8 ~ — ’___ —
e |
< © %
~~ ~L_ —
SSM  Sokolovsky 10
~4.8 (0'=30 )
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Fig. 4.9 The coefficient of the passive earth pressure
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Fig. 410 Ruptune shape of the passive earth pressure
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q Terzaghi (1943)

(4.22)
g=Nc-c+ Ng-qo+ Nr-y -B/2 (4.22)
C do Y B
Nc No
Reissner(1925) Prandtl (1921)
Nr
Sokolovsky (1958) Davis (1971) Nc
Nq
Nr
SS Nc Nq Nr
Nc Ng Reissner Prandtl Nr Sokolovsky (1958)
Davis (1971) Graham (1971)
Nc SS Nc Nqg
( )
Nr
Nc Ng Nr

(Davis & Booker,1971 Larkin,1968)

Nc Nqg
Nr
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Table 4.1 The coefficients of bearing capacities obtained from the SS method

Nc 6

Reissner | 5.14| 6.52| 8.34| 11.0| 14.8| 20.7| 30.1| 46.1| 75.3

Prandtl | 2.47| 3.94| 6.40| 10.7| 184| 33.3| 64.2

Nr 6

Q' 20 [ 25 | 30 | 35 40

Sokolovsky | 1.58| 3.46| 7.66| 17.6| 43.2

SS

Reissner Prandtl Sokolovsky ()
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Fig. 5.11 Distribution of the anchor force
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1tf=9.8kN
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N' tang -189.8 207.5 -3,017
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Fig. 8.2 Soil displacement model of the vertical direction
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Fig. 8.10 Optimum method for slope stability
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Fig. 8.12 Rigid Body Spring Model
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Fig. 8.13 General flow chart used for the analysis
of the overall safety factor
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Fig. 8.17 Element including the boundary under the ground water level
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Fig. 8.18 Element including the boundary partially under the ground water level
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-84 1 ( )
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1.00 (DP
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-8.4
Table 84 Soil parameters used for the analysis tf,m
1 2
y C c' Q' y C c' Q'

1.80 | 1.019 25 - - -

180 |0.846 30 1.80 1.50 35
y C (1tf/m = 9.8kN/m)
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-85
Table 85 Computed results  (1tf/m = 9.8kN/m)
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1.50 3.59x5 1.421 444 x5
1.20 1.64x 3 1.119 4.20x 3
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1
2
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Fig. 8.23 General flow chart for the DP analysis
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Study on a Slope Stability Analysis
using a Springs Attached to the Interdlice Planes
and its Evaluation

— Examination on Typical Soil Failure Problems —

Summary

In this paper, the author has developed a 'Slope Stability Analysis using Springs
Attached to Interdice Planes. This method can solve the mechanic datically
indeterminate problem adequately caused by the slope stability analysis based on the
principle of the limit equilibrium.

The dlope stability analysis based on the principle of the limit equilibrium, because of
not giving proper consider action to the kinematic field, causes a state in which a number
of unknown quantities are great in comparison to the number of mechanic known
conditions being able to be given. Therefore, the formulas of the conventional analysis
methods can not have a dynamically reliable condition. Consequently, the propriety of the
results obtained from these methods are not clear. For the purpose of solving this
condition, several methods have been proposed. However, at present, the slope stability
methods, which are capable of solving reliably both the stability of the slope as a result
and aso the bearing capacity of the ground dealt with phenomena similar to a slope
failure, have been not proposed yet.

The 'Slope Stability Analysis using Springs Attached to the Interdice planes is called
the 'Slice Spring Method (in short SS method).' In the SS method proposed in this paper,
owing to an adequate solution of the statically indeterminate problem, its formula which
based on the principle of the limit equilibrium is involved a stress and strain relationship
as a dynamically reliable condition. In order to be introduced as a stress and strain

relationship to its formula, this method adopts a model in which the elastic springs, etc.
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are attached to the interslice and base planes of each dlice devided the slope verticaly.
Using this method, because of the adequate solution to the staticaly indeterminate
problem, the accuracy of the results can be brought us even on the bearing capacity
which is difficult for the analysis method using the limit equilibrium to solve accurately.
Therefore, this method has a plenty of applications for the following three typical
problems of soil shear failure; slope stability, earth pressure and bearing capacity. Of
course, it seems that this method also has a propriety as a sope stability method. This
method is able to deal with not only slope failure whose soil strength parameters of dlip
surface and sliding mass are same but also the landslide whose soil strength parameters

of these are different.

A summary of each chapter is as follows:

Chapter (Introduction) describes the background on the slope failure and states the
purpose of this study. Then, the author surveys the former analysis methods and puts in
order the subject of these methods.

In Chapter (Similarity and generality of the M&P and SP methods), the common
points and differences of the M&P(Morgenstern-Price, 1965) and SP(Spencer, 1973)
methods are clear by a comparison of the formulas of the two methods. In addition, the
author discusses that the mechanic equilibrium conditions of these two methods have a
generdlity as the vertical slice method and that the both of these assumed formulas
associated with the intersiice forces have originality. These generalities and originalities
are checked against the analytical examples. Namely, it is shown that by using of the
mechanic equilibrium condition of the SP method, it is possible to analyze even using an
interslice force assumption which is similar to Janbu assumption.

In Chapter (Slope Stability Analysis using Springs Attached to Interdlice planes),
the author comes up with the SS method which is one of the analytical methods solving
adequately the mechanic statically indeterminate problem which is the main purpose of
this study. As mentioned above, the mechanic equilibrium condition of the SP method
has generality and the assumed function associated with the interslice forces of this

method has originaity. Therefore, while using this mechanic equilibrium condition, the

298



SS method uses the application angles of the interslice forces determined reliably by the
deformation of the slices. These application angles are determined by the deformation of
dices obtained from a stress and strain relationship of the springs attached to the
intersdice and base planes of the dices divided the dope vertically. The formula
calculating the application angles is independent of the modulus of elasticity, so this can
be determined by the Poisson's ratio, assuming that the soil material is homogeneous and
isotropy. Finally, the author discusses the proprieties of the safety factors and the
situations of the interslice forces obtained from the SS method through an analytical
comparison with other methods regarding the model slopes.

In Chapter (Evaluation of SS method on typical soil failure problems), first, the
mechanic equilibrium formula of the SS method proposed in Chapter is looked at
from an another point of view. The SS method adopts the mechanic equilibrium
condition of the SP method, which has generality as the vertical slice method. This
condition is derived smply and clearly from the principle of virtual works. Next, it is
shown that by using of the SS method the accuracy of the results can bring us even on
the bearing capacity which is difficult to be solved accurately by the limit equilibrium
method. From applications to problems of earth pressure, it is also shown that the
coefficients of earth pressure obtained from the SS method agree approximately with the
coefficients obtained from other methods. Through these examinations, the good results
by the SS method are obtained conforming to known values. In addition, regarding the
following two problems; the stability analysis of the slope acted as anchor forces, the
stability analysis of the slope acted on the pore water pressure, the propriety of interslice
forces, etc. obtained from the SS method has been also clarified from a comparison with
the results of the rigid body spring method.

In Chapter (Examination of the location of anchor forces using the SS method), the
author examines the effective locations of the anchor forces to stabilize the slope as the
exercise examples of the SS method. Usually, the M&P and SP methods are assumed that
application angles of interdice forces of each dice are the same. Therefore, these
methods are not able to analyze the local changes of the application angle caused by

acting anchor forces. However, the SS method is able to analyze the effects and the
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influences reliably with the anchor forces, because of the application angles are
determined by the deformation of slices considered anchor forces. Therefore, the effective
locations and angles of the anchor forces to stabilize the slope are clarified as exercise
examples of the SS method.

In Chapter , the bearing capacity of the footing with a stepping base acting anchor
force is examined using the SS method. From the points of view of economical design of
civil works structures, it is expected that the anchor works increase the bearing capacity
of the footing with a stepping base. However, its design method has not been established
yet because of difficulty in analyzing the failure mechanism and stress state of the ground
reinforced by anchors. It is shown that the SS method is useful method for analyzing the
bearing capacity of this type of footing. The effective locations of the anchor force
examined. Then various factors influencing the bearing capacity of footing, such as
stepping height, inclination angle of the slope surface, soil strength, magnitude and acting
angle of the anchor force are investigated and the bearing mechanism of this type of
footing is clarified using the SS method.

In Chapter (Conclusion), the results from Chapter to are summarized. After

this, the future subjects of the SS method are put in order.
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