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Abstract:-The stability studies of slopes by the classical methods based on the concept of safety coefficient present some insufficiencies.
They do not allow the calculation of permanent displacements induced by earth quake. To overcome this limitation, finite elements or
finite volumes methods have been developed and introduced in several civil engineering calculation software. But, because the
implementation of above methods is complicated, they cannot be used as a design tools but rather as a verification tool. In this paper
we shows that simplified dynamic methods for the study of slopes stability under dynamic loads have been developed in the literature
and their implementation is very easy, and allow the calculation of irreversible permanent displacements induced by an earthquake,
which can be used as a design criterion for slopes or embankments stability.
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1. INTRODUCTION
A stability study of slopes or embankments, whether natural or artificial, consists of two steps: the first one concern to geotechnical
studies which permits to calculate the mechanical and physical characteristics of the soils constituting the slopes or embankments
and its base. The second one is devoted to the analysis of the stability of the embankment or slope, in order to evaluate their
probability of failure. This stability analysis can be performed by two methods: one probabilistic and the other determinist.

The probabilistic approach is based on the spatial uncertainties of the mechanical and physicals properties of soils, which result
in an uncertainty on the representativeness of the calculation results. The implementation of this approach is very difficult and it
is understandable why it is not often used by civil engineers.

On the other hand, the deterministic approach (energy methods, static and pseudo-static methods) is, with a few exceptions,
systematically used. The success of this approach is explained by the fact that its implementation is based on simple theories and
the obtained results are easy to interpret. However, these methods have some limitations, especially when the slopes are subjected
to dynamic loads.

In this article, we will briefly review the static and pseudo-static methods of slope stability analysis, highlight some of their
shortcomings and show how some of them have been overcome in the case of seismic loading.

2. DETERMINISTIC APPROACH
The deterministic approach to slope stability analysis is based on three methods:
- Energetic Methods;
- Static and Pseudo-Static Methods
- Dynamic Methods.
2.1. Energetic Methods

The objective of the energetic methods is to find the most general analytical form that can be given to the form that can be given
to the normal stress function o,. To do this, it is assumed that there is a potential function of the failure curve and that, among all
the stress distributions which verify the equations of statics, the one that makes the potential minimum is chosen. This energetic
approach developed by [15] is not used by engineers. Instead, they prefer static and pseudo-static methods based on: failure
calculations and the concept of the safety coefficient.

2.2. Static and pseudo-static methods
2.2.1. Concept of safety coefficient

The safety coefficient associated with a failure surface can be defined as the ratio between:
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1. The maximum mobilizable tangential stress Tmax and the mobilized tangential stress t on a failure surface;
2. The resisting forces and the driving forces on a failure surface
3. The resisting and driving moments of the above forces on a failure surface.

In general, the expression of Tmax is given by the failure criterion of Mohr Coulomb (equation 1). On the other hand, some authors,
such as [15], have proposed for non-coherent materials a failure criterion given by the relation (2). The expression of the
effectively mobilized stress 1 is obtained by solving the equilibrium equations of the mass located above the failure line or surface.

Toex =C + 0, tan () )
b
o
T = By | 22 @
pref

Agetb <1 are positives coefficients ; Py the reference pressure; ¢’ and @’ are cohesion and friction angle of soil.
The equation of the equilibrium problem of a massif is based on the following assumptions:

- The soil mass is assumed to be continuous;

- The studied problem is plane and there are no edge effects;

- The external forces are the weight of the soil, the surcharges and possibly the seismic forces. No account is taken of the
driving forces that can be created by water flows;

- If'there is water flow, it is not disturbed by the slopes failure and the Terzaghi's relation o =o' —U is verified;

- The mass of the moving soil(above the line or surface failure) is assumed to be rigid and the equilibrium of this mass resting
on the rest of the soil is studied;

- The seismic forces are taken into account (pseudo-static approach) by introducing the vertical kv and horizontal ky
acceleration coefficients at the gravity center of the moving mass;

- the safety coefficient is assumed to be constant over the entire rupture area;

Based on these assumptions, the solution of the mechanical equilibrium equations can be done using: global methods or slice
methods.

2.3. Slice Methods

The principle of the slice method (Figure 1) is that the moving soil mass is broken down into several small elements or slices. The
individual equilibrium of each slice is studied (3). The force tensor on the unstable mass is equal to the sum of the forces applied
to each slice.

Figure 1: Forces acting on the '1' slice

N;sin(8)-T,cos(8)+k W, +(H_—-H,) =0 (a)
N;cos(6)+T;sin(6)—(k, +)W +(V,, Vi, )=0  (b) ®

i+1

Solving the system of equations (3) gives us the following expressions for T;and N;
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N; =k, cos(8 )W, —k,, sin (6, )W, +cos (6 )W, —(V_, -V, )cos(&)—(H,, —H,.,)sin(6) @
T, =k, sin(6 )W, +k, cos(6 )W, +sin (6 )W, —(Vi, -V, )sin(8, )+ (H,, —H,.,)cos(8) (5
By posing:

kH =—2c05(f) and k, = A sin( ) the relations (4) and (5) become:

=x—2sin(6 - W+c s 9 W, — cos —(H., )sin(@) (6)
&c g 9 V H | 1 i
OS( IB +S n |+1 i+1 COS( i ) (7)
The normal effective stress ¢'; applied to the slice "i" of width b; is:
b, u;b,
Gi’ i — Ni _ i )
cos(@) ' cos()
Using Mohr Coulomb's criterion Tmaxb= C, +o; tan ((oi' )we obtain the following expression for
b
T =C ——+0; ——tan (¢ 9)
" tcos(6) 'cos(6) ( ')
The definition (?)TOf the safety coefficient gives us the relation:
max;
F, =L (10)
ertlng Ea—a:tlon of Ni and Ui using the expression (7) for T; we obtain this relation (11) which gives the safety

coefﬁment 'K

% Ae i ub .
Z[c, o5 9.) {—gsm(&i - B)W, +cos(6, )W, —(Vi; -V, )cos(8,)—(H,, —H,.,)sin (6 ) - COS(Q)}tan((A )] an

F,= .

Z{/;“cos(ai = B)W, +sin(6 )W, —(V,, =V, )sin(6,)+(H_, —H,.;)cos(6, )}

i=1

Assuming that at the failure the relation (12) is verified; we obtain another expression (14) forTi .

cos( 6, G (o U )tan(e
T =T ('):T - ( ) ( ) 02

= I - i (13)

. b B ub , :
C c0s(@)  cos(4) tan (¢, ):|+ N, tan ()
Ti= = (14)
d

By introducing the relationship (14) into equation (3b) we obtain the following expression for Ni :
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[c; ~u; tan(g; )] b, tan(6))
Fd

(kv +1)Wi) - (Vi—l _Vi+l) o

sin(6,)tan ()
Fd

(15)

cos(6, )+

When we use relation (15) to rewrite the Mohr-Coulomb criterion, we obtain the following expression for 7y,
1
T... =1Cb —ub tan(e )+|(k, +1)W,)—(V,, -V,,,) [tan(e (16)
= o)+ b+~ Vi) (o)} —— S
b |1+
Fy

By taking the definition of the safety coefficient (D2) given by equation (17), and introducing the expressions (7), (16) of Ti
and 7, max, We obtain another expression of the safety coefficient Fd which is given by relation (18).

b

[}
4 cos )

F, Z @an

b —ub tan(g ) +| (k, +1)W, = (V,, -V, ,,) [tan(¢ 1
sl ] )
_n F, ' (18)
ERD by _ _

E“cos(@i — B)W, +sin (6, )W, = (V. V., )sin(6,) + (H,_, — H;,;)cos(8,)

Il
iN

In fact;

e F, if A.. = 0 static safety coefficient,
d { Fys if Acc # 0 pseudo — static safety coefficient.

2.3.1 Safety coefficient in the sense of FELLENIUS

If, vi>1,V;;; =V,_;and H;_; = H;;; = 0 and using the relation (11) we obtain the pseudo-static safety coefficient of
Fellenius (19).

Yo O | Pegin(o,- )W +cos(g W, -
- izl:['cos( { g (6= B)W; +cos ()W,

ub,
0) cas(6)
psF n

ZV;COS(@ —ﬁ)Wi+sin(9i)Wi}

i=1

}an(ﬂ )] (19)

And if seismic acceleration is null, we obtains a static safety coefficient of Fellenius(20).
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Vo D eosaw - B lan (o
FSFl{ci oos(3) [n (@)W cos(ei)} (@)] N
2sin(6)W

2.3.2 Safety coefficient in the sense of BISHOP

If, vi=1,V;y; =V,_yand H;_;y = H;;,; = 0 and using the relation (18) we obtain the pseudo-static safety coefficient of

{eib —ub tan () +[ (k, +1)W, Jtan (¢, )}{ .
1

tan (6, )tan (g )
N Fie : JCOS(Q) (21)

Bishop (21). n
p ( )F

i1 Ag;CCOS(Hi —ﬂ)Wi +sin(6’i )Wi

And if seismic accelerator is null, we obtain a safety static coefficient of Bishop (22).

i {c;bi —u;b, tan (¢ ) +W, tan (o; )} ]

) [1+ tan (62 tan (; )Jcos (6) (22)
Foe =2, sin ()W,

In the literature, there are other assumptions on the variations of : V; , H; and z which have given rise to other methods of
calculating the safety coefficient: [2-4-6-8-12-21]

2.4 Global methods

Figure 2: Global method - Massive equilibrium

The moving mass above the failure surface (C) is considered to be a rigid block and its equilibrium is studied. The equilibrium of

a small element of the rigid block of center M and length ds is:

- for the equilibrium of forces:
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On OX  axis:
j(ﬁ+d—).?+jd—.7=0 (23)
C C

On OZ axis:
I(d—T+d—N).R+Id—.E=O (24)
c c

For the equilibrium of momentums:
J'(W/\(ﬁ+m+m)=0 (25)
C

Using the Mohr-Coulomb's law (26) and writing the vectors dT ,dN as a function of 0, and T we obtain a system of 3
equations (28) where the two unknowns are F; and g,

T:c—(o-p—u)tan(w) 26)
Fd

iW cos( ) W
Jaw = . = [Wl} @7)
C ﬂ)

-W +iw sin( 2
g
I(— i —Fu)tan () + atan(a)]dx =-W,
J‘[CI_(UF —Fu)tan (qp) tan(a) + aj dx =-W, (28)
I[ap (x—ytan(a)) + i —Fu)tan () (xtan(a) + y)} dx = —I(xdWl - ydWw, )

To calculate the integrals of the system of equations (28), the rigid block is subdivided into several slices in order to use classical
numerical integration methods. The fundamental assumption of the perturbation methods is to admit that the normal stress
distribution o, is a function of the vertical stress  ¢,, applied on the horizontal facet, the parameters: c’, ¢'and the angle o that
the tangent facet to the failure line does with the horizontal axis, where the normal stress is applied. This hypothesis, yield system
of 3 equations with 3 unknowns that gave rise to the perturbation methods 1, 2 and 3 presented by [5-14].

2.5 Shortcomings of static and pseudo-static methods

The shortcomings of the static and pseudo-static methods may be found in assumptions 2, 4 and 6. Assumption 2 assumes that the
slope stability problem is planar and that there are no edge effects would be partly true if the length perpendicular to the cross-
section of the slope is sufficiently large compared to its width. But the dimensions of the slope being finite, it can happen that for
some constructions this ratio is close to 1 (bridge piers) in which case the third dimension must be taken into account. This
shortcoming led to the development of 3D stability methods by [1-11-22] , Hypothesis 4, states that shear does not cause change
in pore pressures at the failure surface. This statement, which is contradicted by the work of [19] has led to the development of
slope stability methods that take into account pore pressure variations during shear. Hypothesis 6, which characterizes pseudo-
static methods, attempts to take into account the effect of earthquakes by introducing seismic acceleration coefficients. This
method is not applicable for the analysis of soil masses with a risk of liquefaction and its major problems are:
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- The choice of seismic coefficients which seems arbitrary, although some authors such as [7-18] have proposed their
maximum values as a function of: Magnitude, focal distance and soil type.

- From a theoretical point of view, this method is not satisfactory because the dynamic nature of the seismic action is not
taken into account: the eigen periods of the slope are not known and the induced permanent displacements are not calculated
although they are used as a second (the first being stress-based) stability study criterion in most engineering problems.

In the end, all the methods mentioned above, have been established on the principle of limits state of resistance calculation.
The fact of having a safety coefficient lower than 1 must therefore be interpreted as the resistant forces being exceeded by driving
forces (criterion of not exceeding the constraints violated). The second criterion for not exceeding a threshold displacement value,
is also important in the dynamic design of geostructures (dams and embankments) with elastoplastic behavior (due to the existence
of induced permanent displacements). For embankments, Simplified Dynamic Methods developed by [10-13], , were often used
in the literature for the verification and dynamic pre-design of embankments or dams: Dynamic embankment design tools based
on these methods have been developed by : [3-9-20]. In the following pages basics of this method will be presented here.

3. Simplified Dynamic Methods

3.1 Principle

Figure 3: Infinitely long embankment under seismic loading

The principle of the simplified dynamic methods is based on the analysis of the elastic response of a homogeneous triangular or
trapezoidal embankment of height "H", based  on a rigid foundation subjected to the action of the seismic acceleration Ug(%).
At the end of this analysis the natural frequencies W, , the maximum distortion ymax of the embankment as well as the maximum

accelerations U4, , kmax applied at the crest of the embankment and on the unstable part of the embankment (P) above the
failure surface (C) are calculated.

The critical acceleration k. associated with the failure surface (C) is then compared to the maximum average acceleration Kmax

applied (Figure 3) to the unstable part (P):

- If X >1 the unstable part (P) of the embankment (Figure 3) does not move (or is stable);
- If KKC < 1 he unstable part (P) of the dam (Figure 3) moves along the failure surface. This displacement must be estimated

in order to compare it to the values of the admissible displacements tolerated by the project owner.

The knowledge of these parameters requires that a study of the elastic response of an embankment under dynamic loading be

carried out.
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3.2 Elastic response of an embankment under dynamic loading

v(fs__}’} Q - X

u(z.y)

J' oy, ()
, \/M/I

Figure 4: Modelling of [19]

The study of the elastic response of an embankment (Figure 4) under dynamic loading by [9-10-13] is based on the following four
assumptions:
1. the material of the embankment body is homogeneous and its mechanical behavior is governed by a linear elastic law;

2. the influence of stored water is negligible, no significant loss of strength in relation to the generation of pore pressures;

3. the embankment is infinitely long and modelled by an infinite number of thin horizontal slices interconnected by an
elastic spring system;

4. the mechanical problem considered is the planar type.

According to this model, the equations of motion governing the free vibrations of the [9] embankment (Figure 4) are:

+_
ot ploy’ yoy
oV z%ze(azv 18v}

o’u G (azu 16u j
(29)

2T
" yoy

ot’ P

vE
(1-2v)(1+v)

Where p, G and /10 = are: density, shear modulus and lame coefficient of the embankment material.

u(t,y),v(t,y) vertical and horizontal displacement of point M (Figure 4).Under the effect of the earthquake, equation (29)

after adding the second member gives the system of equation (30) :

U G[azu qu o%u,

—_— +__
ot ploy’ yoy o’ )
dv_avae(dv 1ov) &,
o’ p ¥ yoy ot’
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a2 22 . . . . . .
Where a;f and a:f represent the horizontal and vertical component of the acceleration transmitted to the foundation soil

by the acceleration earthquake U g ( ) By using ¢ = ; we obtain the following equations system (31).

o’u_ G (az 1auj i

o2 0 0 ot?
ERE 2 o
8_2\/_/1°+2G v 1av)__ v,
o pH? \a2 for) ot
The solutions of the system of equation (31) according to [19] are in the form:
& 200 (AE) 10U (F)
u(t,z)= . sin(w, (t—7))dr
( ) ;wr?ﬁnh(ﬁn)!; ot? ( ( ))
2,(4,€) -5, () o
> T
v(t,7)= DA I Lsin(a} (t—17))dz
( ) ;a’rl]ﬂnh(ﬂn)'([ at? ( ( ))

Where:

(33)

0 0
b Sl
pH G

w? and w;} denotes the n horizontal and vertical natural frequency of the embankment

joand j, are the Bessel functions of order zero and one. f,, the n" root of the Bessel function j, The first three values of f3,, are:

B, = 2.4048
B, =5.5201 (34)
3, =8.653

If we introduce the damping of order 4,,, using the fact that it is much less than 1, the relations (32) become:

= @ (&) 0%, (7
te)=3 af j ;tz( exp (A0 (t—7))sin(af (t—7))de .
0 taz
(t 2')=Z:q)"(168 J % (7) exp r11(t—r))sin(a)rf(t—r))dr
=L @, 3
i u(z,t)sia=0
Where @n(r):M And then we put Ua(f,t): (T ) ) “
ﬁn Jl(ﬂn) V(T,t) SI a=1
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3.2.1 Relative acceleration at a point on the embankment

The relative acceleration at time t and at a point M on the coast &= % of the embankment is:

azu;(zt,é) _ nz':l:(a)l? )2 v (t,é)
-3 (o) 0,0V 1) )

n=1

t

[Us (&) exp(=05 (t=¢))sin(@f, (t-¢))d¢ (37)

0

Where V" (1)

The velocity V¥ associated with the mode n is, according to Mamba [19], a convolution integral which depends on: the relative

acceleration Uga (t) and, the damping A, and the natural frequency w,. For a given Ug (t) and "n",Vna (t) has a

maximum called spectral velocity. The associated spectral acceleration S ;] is then equal to: §&, = wF. S,

Finally the maximum acceleration at any point § = % of the embankment is:

U;ﬁax(e‘)=Ji(a’ﬁ’ (¢ )S?'n)z

n= (38)

n=1

Uriax(r:)ﬂ/i(@n(:)ssn)

The maximum acceleration at the embankment crest & = % = 0 has the expressions:

- 2
ue, = \/Z(a)r’fd)n (0)sg) (39)

e, = \/i(cpn (o)s;;)z (40)

U, =2 (of) Ug, (41)

n=1

3.2.2 Relative distortion at a point on the embankment

The distortion caused by the relative displacement U* at a point M of the embankment located at the coast & = % is given by:
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ouU“ (t,
a (t,é)zﬁ% (42)

Reasoning in the same way as in the previous paragraph we obtain the following relationship of distortion:

P (LE) = — 3 v (t)M

() & o w

distortion ifa = 0

9 (04 j—
Let’s pose y“(t,¢) = {settlement ifa=1

Whatever the time t, the maximum distortion at a point M located at the coast & = % in the embankment is:

Vi (£)=— fj[s a®"(§)jz (44)

(Vsa )2 n= - o0&

Where V. represents the wave velocity in the embankment: a=0 if the velocity is horizontal and 1 if it is vertical.

\/Eifa=0
a P

Ve = _ (45)
A +2G6 if o=1

yo,

3.2.3 Maximum acceleration applied to the unstable part (P) of the embankment

In the following, it is assumed that the seismic stress is a pure shear wave (Figure 5). This means that a = 0

O

-

x
¥;

Figure 5: Principle of calculation of the acceleration applied to the part (P)
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The acceleration applied at any point of the unstable part (P) of the embankment located above the failure line and assumed to be
rigid is: U°(&) V & e (P)

If W is the weight of the unstable part (P) which has been divided into "n" slices. If dm(y;) is the elementary mass of the slice "i"

located at the coast "y". The average acceleration applied on the part (P) of the embankment is:

Kooy (1,6)-9 =2 Z{dm (v;) Ullo(t,eﬁ)} (46)

Ky (t, yﬁ;‘* j = viv yyﬁ; {dm(y)-un 0 (t, %ﬂ (7)

And its integral form is given by the expression (48).

km(,y(t ymaxJ yTXU"O( j m(y) (48)

The maximum average acceleration coefficient k,,,, applied to the gravity center (stiffness assumption) of the unstable part (P)
of the embankment is:

Ymax
kmax = MaX|:kmoy (t, ?j:| (49)

In all that follows we assume:

KC == kcg . Kmax :kmaxg et l.J.max ZUmax g (50)

Based on the study of the elastic response of embankments under seismic loading, simplified dynamic methods have been

developed by several authors:[10-13-16]. In this article we will only present the Makdisi and Seed’s method.

4. MAKDISI AND SEED'S METHOD

L |

Figure 6: Solicitation according to [10]

In the of Makdisi and Seed’s method, it is assumed that the seismic loading is a pure shear wave. The solutions sought are those
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obtained previously provided that a =0. Let be:

Jg(t,(s),U‘)(t,é) » Vo (€) S0

2

o0

52 0)=01e = S0 0151

n=

(51

(52)

B, = 2.4048
B,=55201 et w =% (Ej
5, =8.653 P

4.1 Makdisi Seed Approximations

(53)

(54)

(55)

(56)

An observation by [29], of the evolution of the functions ¢,,(§) as a function of ¢ allowed:

1. to neglect the contribution of modes greater than 3, for the calculation of the maximum peak acceleration U,,4y;

2. To neglect the contribution of modes greater than 1, for the calculation of the maximum distortion ¥,y (§);

3. Consider that the equivalent cyclic distortion yce;lcl (&) is equal to 0.65 times the value of the mean distortion and that

[cbl(o)]moy *#0,3;

4.  Consider that the dynamic shear modulus and the damping of the embankment material are functions of the cyclic

distortion. a result of these approximations, we deduce

4o, (0)=U,,, = {i(cpi (0)S, )ZTS

the following relationships:

(57)

(58)

(39

(60)
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Ui = [(J, 6.5,) +(1,06.5,,) +(0,86.5,, )ZT'S (61)
®,(0)=16 @,(0)=12,06 ®,(0)=0,86

Using the [23] hypothesis based on the mechanical rigid plastic behavior of the soil and on the basis of the results of cyclic

laboratory tests [10], calculated for different accelerations, the permanent displacements induced by earthquakes of magnitude

6,5; 7,5; 8.25 and the whole results are presented as curves representing the ratio %Versus I;m‘”‘ Figure (7) and then normalized

max

ke

. d . .
time ———— versus Magnitude and ratio
kmax -9-To Kmax

(Figure 8) which are used as charts.If d denotes the value of the permanent
displacement induced along the failure surface; the variables U,,qyx, k¢, g, To, H and kg, represent respectively: the maximum

acceleration at the embankment crest, the critical acceleration, the acceleration of gravity, the first mode period of the embankment,

the height of the embankment and the maximum average acceleration applied on its unstable part. The ratios: % The ratios:

Kmax kc 1

are unit less numbers and d is in meters when g is m.s™", T, in second and k,,,, unit less coefficient for the

— )
Umax ~ kmax

maximum acceleration of the unstable part of the embankment.

Figures (7) and (8) show the charts of [19] and with a minimum correlation coefficient of 99% [19] proposed the relationships 62

to 67 which can be used instead of the charts.

b/ N |

@ Meéthodes des Eléments Finis

0,2

Dpmaine des| valeurs

o5

0.4

%ﬂleurs moyennep

7

0,8

1,0

0 0,2 04 06 038 1,0
K, o /U

max max

Figure 7: Ratio of maximum accelerations to depth of sliding mass according to [10]
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e )vl —{8,25 _
% —M = 7,50
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M = 6,50__/‘?\%

ky
Aax

Figure 8: Average values of normalized displacement as a function of magnitude and the ratio of critical to maximum acceleration of the unstable block

1si

1si ¥ =
H

<0,7

For

0,1< ke
k

max

Magnitude earthquake 8.25 (average values) :

9 exp|-3,674-1596Ln
Koo -9 To

Magnitude earthquake 7.50 (average values) :

Kax-0.T

Magnitude earthquake 6.50 (average values)

Y _o
H

1si L =0
H

y
@
H) Ty 08exp£—0, 221(%] —0,985%J si 0<

=exp {1, 86313-0,69815Ln [

according to [10]

K

K, -11,615| —=
Ko k

max

max

K, —1,53273 K,
K k

2
1 O7exp(—0,37261(%) —0,492%} si 0<

0
1 117exp£0 142 1,914%] si 0< g <1

2
j +6,961£
2
J +0, 95338[

Y«

(62)
Y <
e
(63)
(64)

. (65)
kmax

. (66)
kmax
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2
_d =exp| -5,334-1,610Ln ks -10,9785 ks +7,33983 s (67)
K0T, k k k

max

max max

4.2 Implementation of the Method

The implementation of the Simplified Dynamic Method for the dynamic calculation of embankments according to [17], requires

the knowledge of:

the physical and geometrical characteristics of the Embankment;
the dynamic shear strength of the Embankment materials;
the fundamental period (or frequency f0 ) of the embankment (symbol);

the value of the critical acceleration (symbol) and the mean cyclic distortion associated with the earthquake;

o~ w0 D

the characteristics of the earthquake;
4.2.1 Fill characteristics

The characteristics of the backfill for the use of the Seed and Makdisi method are: The density of the backfill p (measured in situ),
the maximum shear modulus of the embankment material G,,,, (obtained from cyclic triaxial tests), the embankment shear

modulus G (obtained from geophysical tests) and the embankment height H. These characteristics are illustrated in Figure 9.

Rocky substratum

a) triangular fill

Rocky substratum
b) trapezoidal fill
Figure 9: Characteristics of an embankment on bedrock
4.2.2 Dynamic shear strength of the embankment

The dynamic shear strength of the embankment soil (obtained from triaxial tests) is determined not only by the evolution of the
stress deviator as a function of the number of cycles, but also by the variations of the shear modulus and damping as a function

of cyclic deformation or distortion. When using the Seed Makdisi method, only the variations of the normalized shear modulus
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and the average damping factor A (%) as a function of the cyclic distortion y,,¢;(%) are used.

max

As an indication, Figures 10 and 11 given by [17], show the variations of shear modulus and damping of gravel and gravelly soils
as a function of cyclic distortion.

1,0 -
0,8
0,6
0,4
0.2 \ﬁ\

0 —

10* 5 10% 5 102 5 16-1 5 1
7cyc|ique (%)

G/Gmax

Figure 10: Variation of shear modulus with distortion for gravel and gravelly soils according to [17]

24 ;]
g 20 -4
= 16
ka &
S 12
(D)
S 8
2
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[
S o0

105 10® 5 102 5 10* 5 1
7/cyclic (%)

Figure 11: Variation of the damping coefficient with cyclic distortion for sand and gravel soils according to [17]

4.2.3 Basic period first mode T0

For homogeneous fills on bedrock (Figure 9), the fundamental first mode period is according to the formulas (68 or 69) equal to:

27H
T, = ”G (68)
i
Yo
T1=—2”H (69)
BN,

Where I} is the shear wave velocity in the embankment. For inhomogeneous fills founded on bedrock, the relationships (70) and
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(71) can be used.

27H
T = (70)
A
Where :
N
V., =|— 71
seq M ( )
with :
2B
N :{Gl(tl—nl)+62(nl+n2+Fj+Gs(t2—nz)} (72)
2B
M :|:p1(t1_n1)+/02(n1+n2+WJ+P3(t2_nz)} (73)

B

Figure 12: Eigenmodes of zoned dams according to April 1989

For homogeneous embankments not resting directly on bedrock the following relationship can be used to calculate the

fundamental period Tj.

_ 27H,
gi'vsl

T, (74)
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Figure 13: Calculation of the fundamental period of a homogeneous dam resting on an alluvial layer according to [17].

4.2.4 Critical acceleration Kc

The critical acceleration is obtained by pseudo-static analysis methods. It corresponds to the value of seismic acceleration for

which the safety coefficient is equal to 1. And the coast (symbol) being the depth at which the failure surface intersects the face

of the slope.

»
»

<

maXH

T

Figure 14: Case of any fracture surface

The critical acceleration coefficient k. for a flat fracture surface (Figure 15) with a static safety factor F;is:
k. =(F, -1)tan(a) (75)
Where F; is obtained using expression (76).

c LAB + (W COS(a) - uABmoy LAB )tan ((0’ )

6
) W sin(«) 70)
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Figure 15: Case of a flat fracture surface
4.2.5 Earthquake characteristics

The earthquake characteristics are the accelerogram (Figure 19) at the base of the embankment. The acceleration response
spectrum s, = f(T,4) associated with the earthquake which is a function of the damping A of the embankment material and
the period T. This acceleration spectrum s, is often used in a standard Cartesian representation (Figures 16 and 18), tri-
logarithmic (Figure 17) or logarithmic (Figure 20). The spectral acceleration is used to calculate: the maximum cyclic distortion.
yf;d (equation 58), the maximum peak acceleration U4, (relation 57) and the periods T; corresponding to the "i" mode. We

note that, for a given damping, the acceleration spectrum depends on the nature of the soil (Figure 18).

1,2 I 0,00
?1,0 0,02
S \ 0,05

0,8 0,10

Accélération
o
N

| I | 1 1 1
(o] o4 08 1,2 16 2,0 2,4 2,8
Eigen period (s)

Figure 16: Acceleration spectrum (a_max=0,25g) in Cartesian representation according to [17]

o
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Figure 17: Acceleration spectrum (@, = 1g ) in cartesian tri-logarithmic representation according [13]
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Figure 18: Average spectrum of a magnitude 6.5 earthquake at 8km from the focus for various site conditions according to [17]
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Figure 19: Dynamic calculation of rockfill dams - typical accelerogram according to [9]
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Figure 20: Dynamic calculation of rockfill dams oscillator spectrum (US Al standards) according to [9].

4.2.6 Calculation of the dynamic characteristics of embankments

The calculation of the dynamic characteristics of the embankment such as peak acceleration and natural periods depends on the
average distortion [9] experienced by the structure. This dependence results from the fact that the dynamic shear modulus and
damping vary with the distortion (Figures 10 and 11). The calculation procedure, which is summarized in the flowchart in Figure

21, recommends the following steps:

1. Step 1, initial data:G ,K_,G, . H.,p.G =G, f _1(}/cycl)’)° = g(7cyc|) S, = fl(ﬂ,,T) T° and }/gq =0.

G

Step 2, calculate to derive y5,, A' then calculate Si, = h(A4,TY), Unax

max
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2. Step 3, we check the condition: |yei,; 1 yeiq| <&=1

e Ifis not verified, we pose y;; 1= yéq, we calculate the new values of the G, T;! and repeat the procedure in step 2.

e Ifis verified, we taked = A*, T, = T} Yeq = )/eiq s Unax =

Ulkax and go to step 4.

3. Step 4, the permanent displacements induced by the earthquake are calculated.

Start

v

G
H,0,G,uGo, 4. (O, 7= 15 [G—J.hg(\/)' Sa =f(A,T)

max

i=0,

Yeq = 0,8, 0c123) -

(Dn(nzl,z.}) (0)

\ 4

A 4

:fz [G_]' /1i+1 — g(yi+1)

G

max

v

L =BV, Sen=f(T, A5,

U i+l =CD,, (O)SMHI

nmax

l

3

Z(Um )2 s Veyer(§) = 0,195

H

(Vs)z Sl+1

No

Yes

i=i+l G,

~ i+l _ i+l
CImev( 'f1 (}/L’([ )' eq ~ 4 eq

Final Characteristics A=A1"", U

max

Figure 21: Flow chart for calculation of embankment peak acceleration, natural periods and equivalent cyclic distortion [19].
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4.2.7 Calculation of induced permanent displacements

Knowing the value of the acceleration U,,q, at the crest of the embankment, using the chart in Figure 7, the value of the maximum
acceleration coefficient K, ,of the unstable part of the embankment is determined. Embankment. The ratio Ke s calculated.
If this ratio is strictly less than 1, the induced permanent displacements are given by the charts in Figure 8. If thiS ratio is greater
than 1, the embankment is stable and the calculation of the induced permanent displacements is not applicable.

4. APPLICATION

Consider a rockfill dam of 180m height resting on bedrock. The geometric characteristics of this dam are shown in Figure (22).
Laboratory tests show that the maximum shear modulus of the dam material is 600MPa, its cohesion is zero and its angle of
friction at failure is 40°. The tests carried out in situ reveal that the shear modulus of the material in place is 216 MPa and its
density is The variations of the curves 2T/m?® and damping L and damping A(%) as a function of cyclic distortion obtained
from the cyclic triaxial tests are equal to the average Varlatlons "6F the curves given by [17] and are illustrated in Figures (10) and
(11). The magnitude of the design earthquake is 7,5 on the Richter scale and its maximum acceleration at the base of the structure
is equal to 0,25g. The elastic response of the dam is obtained by multiplying the accelerogram spectrum in Figure (16) by an
amplification coefficient of 1,6.We evaluate the permanent displacements induced by the design earthquake for the plane failure
surfaces given in Figure (22), all of which pass through point I such that IB=11,5m. We draw your attention to the fact that these
flat surfaces are not critical failure surfaces for which the safety coefficient and minimum.

|a
%

wl
| 743m ' »

Figure 22: Rockfill dam and slip following flat surfaces

4,1, Maximum acceleration at the embankment crest

The values of the shear modulus G =216 MPA and the density p=2T/m> allow us to calculate the natural periods of the different
modes of vibration of the dam which are given in Table 1.

Table 1: Eigen periods of fill mode 1, 2 and 3

Periods Values
TO = T1 1,535
T, 0,62s
T3 0,39s
The application of the flowchart in Figure (21), requires the calculation of the ratio £ = 0,36 which allows us to use the curve

in Figure (10) to find the value of cyclic y.yq= 0,065 % . Moving to Figure (ll),Gv'K'/"elxﬁnd a damping coefficient L = 10%. The
values of the spectral acceleration S,; associated with the different modes are determined using the curve f(T,A) (at the Figure
(16)) for which A=10%. S;; = 1,6 * (T, 2=10%) a7

where T; is the eigenperiod associated with mode 'i'.Using formular (60) and (61), the peak acceleration of the barrage is found
t0 be Upmqy = 0,62g and the equivalent distortion obtained y;7, = 0,060 % is very little different from its initial value
(0.065%). Using the charts of [20] (average values) or the relations proposed by [19]we obtain the values of the induced permanent
displacements "d" at different rupture lines which are given in Table 2 and Figure 23.
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Table 2: Permanent displacement 'd" induced by the magnitude 7.5 earthquake

Blocks |  Ymae (in « F, K. Ymar | Kmae | Umas Komax K, T, d
meters) /H m Kinax
IBB, 45 23,91° 1,57 0,24g 0,25 0,83 0,62g 0,5185¢g 0,462 1,53s 37,05cm
IBB, 90 25,17° 1,49 0,213g 0,5 0,62 0,62g 0,366g 0,5823 1,53s 10,98cm
IBB; 135 25,62° 1,46 0,204g 0,75 0,46 0,62g 0,2562¢g 0,7949 1,53s 0,89cm
IBB4 180 25,85° 1,44 0,199g 1,00 0,32 0,62g 0,2013g 0,9874 1,53s 0,05cm
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Figure 23: Permanent displacement induced by the Magnitude 7.5 earthquake

From these results, we can see that for flat fracture surfaces, the earthquake-induced permanent displacements decrease as the

ratio Ymax/H increases. Furthermore, we see that the largest displacement obtained is 37cm when 272 = (.25

5.

H_

Conclusions

We have just shown that the simplified dynamic methods in general and in particular that of [20] allow engineers to:

take into account the effects of earthquakes on embankments or slopes
calculate the permanent displacements induced along a failure surface in order to verify the second criterion related to the

concept of allowable displacements.

However, the implementation of these methods requires that: the foundation soil and the materials constituting the embankment

or slope studied must not only verify the non-liquefaction conditions, but also that the shear strength losses recorded at the level

of the failure surface are zero or less than 10% of its initial value.
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