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Abstract

Sudden ground movements during an earthquake can induce large inertia forces in a
slope. The induced inertia forces alternate in direction and magnitude numerous time.
Thus, the factor of safty of a slope may drop below unity several time during an earthquake.
As a result, some movement of the failure section may be induced. Thus, the overall effect
of an earthquake acting on a slope is the cumulative displacement of the failure section. If
the calculated displacements are considerable, the slope may be considered to have failed.

The less-than-unit factor of safety only exists transiently, thus, the seismic stability of
slopes depends only on the cumulative displacement developed during an earthquake.
Herein, on estimating the factor of safety of a slope for a given earthquake schock, the effect
of an earthquake on the cumulative displacements of a slope should be assessed. To this end
the concept of Newmark is utilized. The assumptions on which Newmark’s procedure is
based are as follows :

(1) Rigid body sliding.

(2) The changes of geometry after sliding are negligible.

(3) The shear resistance of soil is assumed to be constant and will not change with cyclic
loading effect and movement of failure section.

Pore water pressure has not been significantly built-up.

(5) The uphill resistance is taken as infinitely large thus, no uphill sliding is allowed.

—
=

I. Introduction

In the conventional engineering analysis of a slope against earthquake forces, such structures are
usually analyzed and designed with the calculation of the factor of safety under a pseudo-static inertia
force, prssumably generated by the earthquake ground motion.™ If the factor of safety is less than
unity, then the slope is considered to be unsafe.®™ It is true that under static loading, when the
factor of safety is below unity, the occurrence of sliding is so sudden that there is little possibility of
removing the driving forces promptly enough to arrest the movement. In such case, the displacement
become so large as to render failure.®

As for earthquake loading, however the reduction in stability under earthquake excitations would
only exist during the very short periods of time for which the inertia forces are induced. F urther,
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during an earthquake, the induced inertia forces will also alternate in direction and magnitude

numerous times, only those which move away from the slope tend to reduce the stability of the slope.

and thereby cause some displacements, are rapidly removed both during and at the end of the
earthquake.

However, once the ground motion ceases, no further displacement will occur unless the soil
strength has been decreased significantly by the cyclic loading. The overall effect of an earthquake
acting on a slope is generally the accumulation of displacenent of the failure section.®!¥!'% [f this
accumulated displacements are sufficiently large, the slope is then considered to have failed.

It is apparent that during an earthquake the factor of safety changes all the time due to different
inertia forces acting on the slope at different time.

Newmark® first proposed the important conept that the seismic stability of slopes should be
evaluated in terms of displacements rather than the traditional minimum factor of safety.

To this end, Newmark assumes that a soil mass moving downward along a failure surface under
inertia force due to earthquake shaking may be considered to be analogous to a rigid block with
weight and an external force sliding on an inclined place. To apply Newmark’s concept, the failure
mechanism and its corresponding yield acceleration must be determined first so that the analogous
inclined place and external force can be simulated. Subsequently, the overall displacements of a
failure slope under earthquake loads can be assessed.””

This can best be achiever in the following steps :

1. Calculate the yield acceleration at which slippage will just begin to occur

2. Apply various values of pseudo-static force to the slope. These values are obtained from a
discretized accelerogram of an actual or simulated earthquake.

3. Once the yield acceleration and accerlerogram of an earthquake are known, it is simple matter
to calculate the time history of velocity of the sliding soil mass of a given slope. The magnitude
of displacements can be evaluated by integrating all the positive velocity. The computation of
the yield acceleration based on the upper bound technique of limit analysis has been reported
elrewhere. ©™1®
Based on this yield acceleration and its associated failure mechanism, the equation of motion for

the estimation of displacements along the potential Local Logspiral Failure surface is developed.

This is described in this paper.

~3 [N

Fig. 1 Equilibrium of Force on Resting Block Fig. 2 Forces on Sliding Block
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II. Failure Mechanism

As the possible failure modes of slope, we consider herein log-spiral failure mechanism of local
slope failure.® A critical mode of failure depend on the magnitude of inertia force, slope angle and
properties of soil.

So, in this paper, the pseudo-static method is used for the evaluation of the failure mechanism and
corresponding yield acceleration of slopes during earthquakes. The effects of an earthquake on a
potential sliding mass are represented by an equivalent static horizontal force determined as the
product of a seismic coefficient factor K, and the weight of the potential sliding mass.

[lI. Yield Acceleration Factor : K¢

In this section, we are concerned with the calculation of the critical or yield horizontal inertia
force corresponding to the yield acceleration factor Kc, at which a condition of incipient slope
movement is possible along the potential sliding surface.

The computation of the yield acceleration factor by using the upper-bound limit analysis is based
on the log-spiral failure mechanism as mention previously.®!®2 The stability evaluation of a
slope subjected to earthquake loads is based on the following conditions :

(1) Plane strain condition
) Upper bound technique of limit analysis
3) Pseudo-static earthquake loading
Uniform horizontal distribution of lateral acceleration
Mohr-Coulomb criterion for failure with constant ¢ and so, homogeneous and isotropic slope is
considered.
And, the upper-bound limit analysis is based on the assumption that a soil will be deformed
according to the flow rule associated with the Coulomb yield condition.

The perfect plastic idealization of Coulomb yield creterion with its associated flow rule implies
that any plastic deformation must be accompanied by an increase in volume.

The circular surface of velocity discontinuity is not a permissible surface for a rigid body sliding
because of the separation requirement for c- ¢ soils in the upper-bound limit analysis. The logarith-
mic spiral surface of angle ¢ is the only surface of velocity discontinuity which are permitted in limit
analysis for rigid body motions relative to fixed surface.
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IV. Theoretical Expressions

The inertia forces, induced by the accelerations, acting on the slope tend to reduce the stability
of a slope. Once the induced acceleration, Kg, is greater than the yield acceleration, Kc-g, the
movement of the failure section will occur. Based on the computed yield acceleration and the
accelerations obtained from an accelerogram of a design earthquake, calculate the angular accelera-
tion, 8, of the failure mechanism. The angular acceleration, 6, acting on the sliding logspiral failure
mechanism can be calculated, as follows :

Referring to Figure 1, when K=Kc, 6=0

yR(hi—Ff—f) + Keyrn(i—f—f) + Prifo + xKcprifq = c7ife (1)

in which c=c f ds and f,, f, and f; are the terms of rates of external work due to soil weights in the
areaA ABC for the slipped region ;
1

= 7 . - - - }
JA ————43 (17 9tan’g) (3tangcosh,+ sinby) -EXP[3 (6,— 6,) tand ] — 3tandcosbo— sinbo} (2)
fo= ———(200300 f—) sinb, (3)
0

f3=F{sin(0,.— 6o) —rLsin(}o}-EXP[ (8,— 6,) tang ] {cos&o—rL—Fcos 0.EXP[ (6,— 6) tang]} (4)

Similarly, f,, fs and fs give the terms of rates of external work done by the inertia force due to soil
weight in the slip regions A ABC as follows :

fi= m—m (3tangsing,—cosfo) - EXP[3(8,— 6,) tang ] — 3tangsinb+ cosbo} (5)
fi= 2$1n000csﬁo (6)
fi= { sin(8x— 6b) —rLsinﬁ,,}— Exp[ (6,— 6) tang ] {sinb,+sin6,- Exp[ (8,— 6) tang ]} (7)

fp and fq are the terms of external rates of work due to surcharge boundary loads and their inertia
forces ;

L L
fp=—cosbo——>—) (8)
% 2r,
fq=Lsinﬂo (9)
"
And fc in the term of internal dissipation of energy occurred along the slip surface ;
fC m{EXP[Z(ﬁh 30) tan¢—1} (10)
Then, referring to Fig. 2, when K=Ki>Kc, we have
yR(hi—fi—f) + Kiy(fi— f—fo) + Prifp+ xKiPrdfg= crife+ M (11)

so, substitution of Egs. (10) and (11) into Mzw?a'éﬂz, gives the following expression ;

(Ki—Kc) q[yR(fi—f—f5) + Prifq]

o= Wil

(12)

where, referring to Fig. 3, we have

EXP[2(6y—bo) tang]—1 L . 0 in(6,—6) ——f~sino,,} EXP[ (60— ) tand])

_m (
W= 2 2tand % 13)
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Since M is tce moment about tce center 0, the arm length £ of M as follow ;
o [rRi—fi= DY+ [yRUi— )1 w

(A

Starting from the beginning of an earthquake, find the first positive angular acceleration 6;, with
which the downhill movement will start to occur at time t;.

Fig. 4
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If 6, is the first positive angular acceleration, then 6,-, at t;., must be negative except the special
case where §,.;=0 Thus, it is necessary to calculate the time instant, ts,, at which =0 and the
angular velocity @ starting ts, from 0, by a linear interpolation as :

ts=

)
(01'_ 8i—l)

+ 4

(15)

at the instant, ts;, when the induced acceleration exceeds the yield aaceleration, the slip velocity of the
sliding block begins to increases from O and the corresponding displacement, 16, occurs. The angular
velocity, §; at time t; can be calculated as

.0,'—_—

[
_(tz_' tsl)

2

(16)

Knowing :9,-, the angular velocity [9“, at time t;,, can similarly be calculated as

bin: .0i+

In this calculation, @;., is obtained from Eq. (12).

(Bi+ 6:1) (b1 — 1)
2

(17)

Using the same procedure, all the velocities
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corresponding to all the selected time instants can be calculated. However, as Newmark pointed out,
the uphill resistance may be taken as infinitely large without causing serious errors in the calculations.
In this situation, ground motions in the direction of the downward slope tend to move the mass
downhill and cause slip, but ground motions in the upward direction along the slope leave the mass
without slip except where there are extremely laege in magnitude. Thus, the sliding block can only
move downhill with positive angular velocity, regardles of the direction of angular acceleration.

If the angular velocity changes from negative to positive, Eq. (15) is needed to find the time
instants, at which the velocity is equal to zero and the failure block will start to move. If the angular
velocity alters from positive to negative between two time instants, the instant at which angular
velocity equals to zero, again, must be found. Soppose that b,.-, is possitive and b,, is negative, the
displacement continues until the angular velocity becomes zero. The time at which 6 becomes zero,
within t,_,<t, <t,, can be computed by using the following relationship :
(6n—=8-1) (fr— t-1)

0= 6pr+6nr (t—try) + 2 ) (18)
putting #=0 and solving for t., —t,-,, we have
— 9‘1 9'_ 2(9?: ent-l) ')011-1
tor=t,_ n—ln-1
e1=tn-1+ G =6, (19)
(tn_'tn—l)

Only one of the two solutions obtained from Eg. (18) is reasonable, at which the angular velocity is
zero and displacement ceases. However, if the angular velocity changes from positive to negative
and the angular acceleration changes from negative to positive during a time interval, by referring to
Fig. 4, besides the time t.,, time ts, need to be computed also. As mentioned previously, the angular
velocity can not be negative. Thus, the angular velocity after time t., is zero rather than negative.
This zero angular velocity will remain untill time tg,. During t., and t, whenever slip accelera-
tion becomes positive the failure block will move again, and the time instants is ts, at which the
failure wedge move downward again. ts can be expressed as follows :
= Bn1 (= tay)
(6n— Bn-1)
Thus, during the time period from t,, to t, two discontinuous displacements can be calculated.

ls2=th1t+ (20)

Even though, the calculations for these two separated displacements are necessary only when the slip
acceleration is negative at t,_, and positive at time t,. Otherwise, only time t., is needed. The
movement will cease at time instant t,.

Moreover, a similar situation will take place even when b,, is positive. As shown in Figure 5, the
angular acceleration is negative, the angular velocity is positive at time t,.,, and both angular
acceleration and angular velocity are positive at time t,. To find out if (b) or (c) of Figure 5, will
actually happen, the velocity at time ts,;, must be checked. Provided that b,. is positive, then the
angular velocity from t,, to t, must be all positive, because b,. has the least slip velocity during this
time interval ; otherwise similar procedures to find t., and ts are necessary to compute the two
separated displacements from t,-, to t,. Similarly, this can happen only when slip acceleration is
negative at t,-, and is positive at t,.

Based on this motion angular accelerations and velocities between two time instants, e. g., t; and
t.+1, the angular displacement of the failure section between t; and t.,,, thereby can be calculated as :
+ (201 + 0:+1) (tis1— &)

6
Similar procedures will be performed to find the overall displacement until the end of the

0i+l=0i+bi(ti+l_ti) (21)

earthquake.
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V. Numerical Results

The yield acceleration of slopes is computed by using an upper-bound limit analysis method.®
Based on the yield acceleration and its associated failure mechonism, Newmark’s concept is used to
evaluate the displacements during earthquakes. The following steps are outlined.

@o=39.17° ro=16.8m
0,=110.03° 1, =20.8m

“$=10° y=15.68 KN/m?®
H=9.0m c=23.52 KPa
L=9.4m g=40"

Fig. 6 Model of A Failure Mechanism
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Table 1. Comparison of Based-Failure and Toe-Failure

correspoding to the periods

Period of input wave sec. 0.1 0.25 0.35 0.5 1.0 2.0 3.0

Displacement Base-failure 0.03 0.06 0.09 0.13 0.17 0.56 0.86
m/sec. Toe -Failure | 0.04 0.09 0.13 0.17 0.34 0.72 0.91

1Ke=0.174

Table 2. Comparison of some input wave according to cumulative

\Based-Failure
displacements versus frequences

Model of calculation
Period of input wave sec 0.5 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
Displacement | Max. 0.5G a.14 | 2.06 | 1.48| o0.98 | 0.76 | 0.6a | 0.54 | 0.46 | 0.40 [ 0.35
Max. 0.46 | 5.81 | 2.39 | 1.17 | o.80| o0.58 | 0.45 | 0.37 [ 0.30 [ o0.26 | 0.23 [ 0.21
n/sec. | Max. 0.3G | 2.42 | o.91 | 0.42 | 0.29| o0.21| 0.17 | 0.12 | 0.69 | 0.68 | 0.67 | 0.67
1?
cm
1.0 HS
LY 6.20m
\ Qg= 58.24° a = 10°
1Y G, = 86.93° g = 75°
\ ro= 19.5m ¢ = 35°
1
s \ 0m 1s5.68KN/m’
H \ L c=23.52KPa
o '
v ) o---e Case of Toe-failure
= 0.5\ N\ (a) Case of Toe-failure  (Kc=0.264)
“ ‘\ &—— (ase of Based-failure
- ©=38.87° a = 10°
L On=137.15° B8 = 60°
r,=35.1m ¢ = 10°
1 +— 37.5m —1
23.0m
o - ‘l‘q:
3.4 Y=15.68 KN/m?
n e c=23.52KPa

(b) Case of Based-failure (Kc=0.263)

Fig. 9 Comparison of Cumulative Displacement between Toe-failure
and Based-failure Corresponding to frequencies

1.

Dedermine the failure mechanism and corresponding yield aeceleration at which slippage will just
begin to occur on the basis of principles of pseudo-static approach.

2. According to the time-history of the acceleration of an actual or simulated earthquake, apply the
pseudo-static forces to the slope.

3. When the induced acceleration exceeds yield acceleration, ridid body type of slope movement will
occur. The magnitude of displacements can be evaluated by integrating all the positive veloci-
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ties throughout the shaking of the earthquake.
4. The acceleration within a time interval is assumed to be linear but not necessarily constant.

A computer progrom was developed using the aforementioned analytical procedures.

To find the yield acceleration factor of slope and its overall displacements under some selected
earthquakes, as shown in Fig. 7, 10 and 11 the problem illustrated in Fig. 7, 10 and 11 are considered.

After solving the problom, the yield acceleratinn for this local failure is 0.230G, 0.263G and 0.264G
respectiuely as shown in Fig. 6 and 9.
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Fig. 10 Earthquake Waves-KAIHOKU BRIDGE LG.

Example of harmonic earthquake

(1) A computer examples of harmonic earthquake program based on the aforementioned analytical
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H-DISP.

procedure is developed. As an example, we shall determine the yield acceleration factor of the
slope shown in Fig. 6 : Kc and its overall displacements under the harmonic earthquake shown in
Fig. 7 where the angular acceleration, angular velocity and horizoutal and vertical components
of angular : 6 are given. Slip displacements occur when earthquakes exceed the yield accelera-
tion of slope : Kcg.

In this example, cumulative displacement per unit-time vs. period is shown in Fig. 8 each
normalized 0.3G, 0.4G and 0.5G respectively. In this Figure, max earthquake acceleration getting
largeer, displacement per unit-time takes a large value. Period also getting larger, displacements
increase linearly. And some selected sample outputs have been obtained by this program The
results are tabulated in Table 1 and 2.
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(3) As a further illustration Fig. 9 (a) : shows a Toe-failure (Kc=0.264) mechanism and Fig. 9 (b) ; a
Based- failure mechanism (Kc=0.263). Both have about, the same yield acceleration factor
solution. A comparison of cumulative displacement between Toe-failure and Based-failure
mechanism with frequencies is given in Fig. 9. It showes that a long period wave gives a
parabolic the increment of displacement.

Example of actual earthquakes

We selected earthquakes, as shown in Fig. 10 and 11 and determined the acceleration, Kg, of the
earthquake for all the times interested during the earthquake shaking, e. g., a constant of 0.01 sec. may
be chosen to designate the time and subsequently estimete all the corresponding accelerations. Two
diagrams of displacements versus time for the failure meachanism of Fig. 6 corresponding to the two
actual earthquake are given in Figures 10 and 11. As these earthquakes have near predominant
period (EL-CENTRO wave : 0.45sec., KAIHOKU wave ; 0.40sec.) and their continuous time of main
quake are close to five seconds, both cumulative displacements represent a nearly equal value.

V1. Summary and Conclusions

The model as developed in this study remains a pseudo-static approach and not a dynamic
analysis. However, from the standpoint of engineering mechanics, most of the possible influence
induced by earthquake have already been considered. Hence, a amore reliable result than the
conventional pseudo-static based on the consider or analysis factor of safety can be expected. As
Newmark indicated®, in arriving at the design of a slope which is require to resist earthquake
motions, one may either adopt a procedure in which the static resistance of the slope is greater than
the maximum earthquake acceleration likely to be encountered, or one can make the slope capably
of resisting displacements corresponding to those computed by the methods developed herein.

It may be required to avoid premanent displacements altogether, that the value of yield accelera-
tion be well in excess of the maximum earthquake acceleration. This apperars to be too uneconomi-
cal a procedure for general use. This is one of the reasons that we need the procedure developed in
this study.

Finally, the model in this work is developed primarily from the standpoint of engineering
mechanics. In particular, the shear strength of resistance of soils as influenced by cyclic loading and
pore-water pressure built-up must be incorporated in such a study. To have this approach practically
adopt, more studies involving geotechnical aspects of this problem are required.
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Appendix 1.

Flow Chart of Computer Program

( Start '

Input Data of Soil Properties
and Slope Geometric Relations

y
[7 Compute K¢ for Infinite Slope ]

Any Seismic Forces Be Added to
the Slope Without Causing Local
Failure

[ Compute K. for Logspiral Failure Mechanism -]

l Determine the Least K¢ of Local Siope Failure

Input of Time History of
Acceleration of Design Earthquake

Calculate the Overall Displacement
of the Local Slope Failure

NOTATION
The following symbols are uasd in this paper :
g : Acceleration of grabity.
r : Gravity of soil per unit volume.
% : Radius of rotational failure mechanism.
(in Fig. 1)
¢ : Internal friction angle.
6 : Angle of starting point of Log- spiral
failure mechanism. (in Fig. 1)
6, : Angle of ending point of Log-spiral fail-
ure mechanism. (in Fig. 1)
C: Cohesion strength.
L : Length of failure mechanism.
Kc: The yield (critical) acceleration factor
xKc: The yield acceleration factor correspon-
ing to the surcharge load P whose magni-
tude can be related to the yield accelera-
tion factor of soil weight Kc by the coef-
ficient x, which can be greater or less
than unity.
8 : Angular of slip failure mass of a slope.
[9:Angular velocity of failure mass of a
slope.
6 : Angular acceleration of failure mass of a
slope.
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