SLOPE STABILITY ANALYSIS DURING GROUND
MOTION BY MEANS OF NEW DISCRETE MODEL

by

Tadahiko KAWAIl) Norio TAKEUCHI2) and Masaaki MITOB)

INTRODUCTION

Recently, needs of massive structure, such as atomic power stations,
underground oil tanks, etc., have been increased and more relisble design
of such structures is requested considering slip and collapsing process
from partical failure to total collapse on the soil.

In this paper, Rigid Body Spring Model (abbreviated. RBSM), which was
verified to be practical in the static 1limit analysis of soil foundations,
is applied to the dynamic limit analysis during strong ground motion.

In this report, fundamental investigation was carried out in order to
establish the reliable method for dynamic analysis of soil foundations.

FORMULATION OF TWO DIMENSIONAL RBSM

Let's consider two dimensional rigid element as shown in Fig. 1.
Rigid displacement field is assumed in each element, whose displacements
are given by the displacement (u, v, 8) of the centroid as shown in Fig. 1.
Horizontal and vertical displacement function at the arbitary point
U(x, y), V(v, ¥v) can be given by following equation.

U(x, y)=u+r {cos(a+8)—cosa}

)

V(x, y)=v+r (sin(a+8)—sina}

where r is distance from the center of gravity to the arbitary point,a is
the angle as shown Fig. 1. In case of the displacement with finite
rotation, eq.(l) can be approximated by the following equation.

Ulx, y)=u—{y-ye )8 —(1/2) (x-%¢ ) 0?2
Vix, y)=v+(x-x6)0—(1/2) (y-ya )82 (2)

Now, 9(0) implies rotational displacement in previous stage of loading and
incremental displacements are (Au, -Av, A8) at the center of gravity.
The component of linear displacement, i.e., AUY are given by

AUY =@ Au
(AUMYt = LAUD, AV |

Aut = (Au, Av, AB ] @)
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Similary the components of nonlinear displacements ANI? are given by the
following vectors.

(AU2)t = LAUB, AVD
AUZ = (1/2)Aut *N: *Au @
AVZ = (1/2)Aut ‘N2 *Au
0r0: O .f?--;-.i%-i _____ E; _____
————— Rt e = , |
Nie=| O 0' O N __9__+__(_)_*__(, _______ :
----- et Al b | - -
0+ 0 -(x-x¢) 0 1 UintyTye
Next, consider two adjacent elements @ and ® as shown in Fig. 2 and
then the components of linear relative displacement at the point P, ASY
are given by the following equation.
AV =AU B AU, W 5

Therefore, substituting eq.(3) to eq.(5), the following equation can be
derived.

ASD=B-Au
(Aa(l])t — LA6x (1], A6y(‘l)J

(Au)t = (Aus, Avi, AB1, Auz , Ave , AB2 ©)
B=| 7110 (voye)+(x-xem)8: ™ 110 (y-ya) (x-xa)b2 "
0“1"(X Xxa )+ {y~vea) b1 “'0 1' (x-Xa ) (¥y-Ya)B2©
Similary the components of nonlinear relative displacement A8 can be
given.
AJ2=AU. 2 —-Al, 2
7

(AS2) = |A8xP, ASy D
Adx2=AUP-AU @
AS, B=AV, 2 —-AV, @

Next, acceleration of rigid element are (i, ¥, P) at the center of gravity

and angular velogity is 6, Then horizontal and vertical accelerations with
finite rotation U(x, y), V(x, y) are given by the following equations.

Ulx,y)=u-(y-vs ) 8-(x-Xo )(6:)2
Vix,y)=v+(x-x0 )B-(y-vya )(8)? @)

£q.(8) can be written in the following matrix form.
AUD =H: Au +Hz Au
(AUm)t=LAUm,AVmJ
At = LAY, AV, A6 ©)
AUt = (AU, AV, AB
AUZ =A0 Ni-AG
AV2 =Adt N2-Ad



Spring constants assuming on the interelement can be determined in the
following way. In case of the isotropic elastic materials the stress-
relative displacement matrix K' is given by

O‘, =&, . 6/

(@)t = (Tn,Ts , (10)
(5/)t =L6n,0s 1
g = Kn 0

0 ks
Kn = (1-v)E 1

(1-2y)(+v) hi1 +he

ks = E 1

(1+v) h1 +he

where 0, and Ty are normal and tagential stress on the interelement
boundary. 6., &; are also normal and tangential relative displacements.
h is the projected length of a vector connecting centroids along the
normal drawn. Spring matrix with the global coordinate system is
derived by the following matrix equation.

y 11)
& =Tt R T

T is a coordinate transformation matrix. For determination of spring
constants in plastic range, plastic flow rule is adopted. Based on the
plastic flow rule, the relation between stress increments As and displacement
increments A& can be finally obtained in the following form.

pge| o (B®1(B£/60HB1/00) (#%]] 5

B f/007 (k8]0 F/00) (12)

Where f is the plastic potential in the flow theory of plasticity.
With such preliminaries, the following incremental form of the vitrtual
work equation can be derived for the dynamic problems.

TS S8(30+A3). (U + AT )ds
€% (13)

-z SAS S(UO+AU) - {(PO+AT)-(r/g) (U +Ali+Us ©+AUs ))}dA

—ZS58UP+AU) - (TO+AT)ds=0
es,



U implies the acceleration of the ground motion at previous stage of
loading and AUg also implies the acceleration of the incremental ground
motion. Body force and surface traction are represented by P and £
respectively. In derivation eq.(13), the term of higher order products
of the incremental displacemenets and accelerations were neglected.
Eq.(13) is further transformed into the following equation.

TSo(dM)t.gds+ 2S5 5(a2)t.g0gs (14)
s €S

~ES S0 (AU (POAPId=Z S § 8 (AUR)" (FU+AT)

+E£558(aUD)" (v/€)AUD A+ S § 8 (AUW2)E (v /g) U dp
A e A

+§?S §8(AU2) (v/g)(Ug P+AUs JdA=AF +R
A

where

AF=ZS5 §8(AUM)L. ATPdA+Z S 6 (AUW)t, ATFds
e A es (15)

—ZSSaaum)r. (v/g)AUs dA

R=—ZS§8(AML.g®4s+3 5 §S(AYM)t, POGA
€s € A

—ESkga(AU“Wt47/@(um+UawUdA

+T§ 8 (AUD)EFogs
e Sp

In may not be difficult to derive the following matrix equation in
incremental form after some calculations.

MAu+mA u+[Kg +Ko +Ka +Ks -Kr -K; HAul=AF+ R

- = - — 16
AF=AFer +AF:s —AFs 16)

R=—Rs +Re +Rsy —Ra —Rg

M is the mass matrix and m damping matrix. Kd is the stiffness matrix
with initial displacement, kg the geometric matrix, Ka the matrix with
initial accelerations, Kg the matrix with initial ground motions, Kp the
matrix with initial body forces and K¢ the matrix with initial forces.
Furthermore, AF is the incremental force vector and R is unbalance

force due to manipulation error in previous stage of loading.

2)

(1) Dynamic analysis of the cantilever beam

Dynamic analysis of the cantilever as shown in Fig. 3 was calculated
in order to check accuracy of the solution for the geometrical nonlinear
problems. The uniform loads were applied on the both top and bottom
surfaces. The results obtained using this model and others are shown in
Fig. L. Where abscissa is time and ordinate implies &/2.



§ is the displacement at the top of the beam and £ is the beam length,

® is the solution obtained using this model, © is the solution obtained
by Shantaram et al. and the broken line is the those obtained by Bathe

et al. The obtained results are in good agreement with those obtained by
Shantaram et al.

{2) Dynamic elasto-plastic analysis of untreated slope 3)

The slope shown in Fig. 5 collapsed due to the earthquake which
occured in the coasting area of the Izu-Oshima Island on January 14, 1978
and damaged the road down the slope.

Some study was made on the failure mechanism of this’ disaster.

First the stiffness of the soil used in the analysis was obtained from the
shear wave velocity and the unit weight. In order to evaluate the strength
parameter for the surface layer, i.e. layer number (i), the results of the
portable cone-penetration test was conducted and C = 5tf/m? was obtained.
For the layers below the surface, it was considered that the behavior of
the soils are elastic.

Tirst initial stress were computed from the static analysis and dynamic
analysis were performed in order to obtain the slip lines and time history
curves of displacement, velocity, etc. The lateral boundary conditions
were considered as the vertically free to move for the static analysis and
as the horizontally free to move for the dynamic analysis. Rayleigh's
damping parameter was calculated by assuming that the 1lst and 2nd damping
constants are equal to 5%, and increment of the time At = 0.0l sec, and
B = 1/hk for Newmark's B method were used for the dynamic analysis.

Fig. 5 shows the mesh division used in the analysis and the earthquake wave
shown in Fig. 6 was applied horizontally to the base. The maximum
acceleration of this wave was TOgal. The actual analysis was performed on
the wave of T second duration period from 11 sec. to 18 sec. including the
maximum acceleration in order to save computation time. In the analysis,
maximum acceleration was taken 102 gal. Because it was considered that the
acceleration on the road was approximatly LOO gal from the observation of
the gravestones overturned and the magnification factor was 4.0,

Fig. T shows the results of static analysis. In Fig. 7, the solid
line represents the slip line obtained using this model while the broken
line represents the real failure line. It can be noticed that at the
bottom part of the surface layer the slip line obtained coincides with the
failure line.

Fig. 8 shows the slip lines obtained for dynamic analysis.

The slip line which already occured at the initial stress state developes
along the real failure lines as time passed.

Fig. 9 shows the time history curve of shearing stress and strain,
the strain and stress paths with respect to the springs No. 147, 152 and
250. The spring No. 1L7 away from the failure line shows the elastic
response. This is supported by the fact that stress-strain path consist
of a straight line. On the other hand the springs No. 152 and No. 250
located near and on the failure line showed existence of the residual
strains which indicate the initiation of the slip.

Fig. 10 shows the horizontal and vertical absolute acceleration,
relative velocity and relative displacement curves of element No. 107, 111
and 153. The element away from the failure line shows the elastic response
while the elements No. 111 and 152 in the sliding soil mass show the
residual strains due to the sliding occured. Good agreement is seen between
the maximum acceleration measured at the element No. 153 and assumed from
the field observation with the value of approximately L00 gal.



Judging from these results, effect of the finite rotational dis-
placement was hardly observed in the present analysis because response
displacements were small.

CONCLUSION

First static analysis of the cantilever beam considering finite
rotational displacement was performed and was confirmed the accuracy of
the present method for the geometrical nonlinear problems.

Furthermore slope stability analysis was performed during ground motion in
order to discuss the mechanisum of slope fallure.

For the future study the results obtained here will be used to
analyze the disaster due to actual earthquake and to predict the earthquake
damage.
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