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SUMMARY

In this paper results on dynamic earthpressures against a retaining wall are presented.
This problem is directly linked with a stability analysis and requires thus the development
of an elastoplastic equation for the soil valid even with large lagrangian deformations.
The subsequent scil-structure interaction problem is efficiently implemented with a finite
element technique coupled with a mixed scheme for the time integration : the structure is
implicitely integrated while the soil is treated explicitely. The whole process is finally
validated against experimental results on a scaled model constituted of walls of different
sizes and shapes and retaining a granular medium, the ensemble being submitted to strong
shakings of different characteristics. A computer code has been implemented and it is thus
possible to assess the validity of the assumptions of simplified procedures such as those
derived from Mononobe equations. Tinally the technique may be directly extended to the dyma-

mic stability of slopes and earthdams.



1. INTRODUCTION

The problem of dynamic earthpressures and of the stability of retaining walls has been
studied most often with simplified well-known procedures [ 1], and has scarcely been studied
as a classical dynamic soil-structure interaction problem like e.g. surface foundations. Fur-
thermore a stability analysis is very often used for this problem requiring a study of large
anelastic deformatiouns.

The aim of this paper is to present such an analysis for an elastoplastic soil with fini-
te plastic deformations. The equations of the model will be detailed in the first paragraph.
The subsegquent equations are highly nonlinear and it is at first sight tempting to implement
an explicit scheme for the numerical computation. However the stiffness of the wall may be
very high compared to the stiffness of the strained backfill so that the time step required
to insure the stability of the mumerical scheme may be very low. In order to circumvent this
difficulty which is typical of manv interaction problems a mixed algorithm is used : the
soil is explicitely integrated while the wall is implicitely treated. For the discretization
of the space variables a classical finite element technique is used. The proposed schere is
detailed in the second paragraph and its efficiency is then discussed.

It is natural to think that a sophisticated procedure must be carefully validated. As
seismic events have usually not been enough instrumented, it has been decided to nerform
experiments on scaled medels with different types of seismic sollicitations. The comparisons
of the numerical results with those provided by the experiments are very encouraging and are

examined in the last part.

2. DERIVATION OF THE EQUATIONS.

We consider here a lagrangian formulation for the equilibrium equations. Let {2 demote
the initial configuration of the body, and x be the cartesian coordinates in Q. The displace-
ment field is u{x,t). The body, initially at rest, is submitted to body forces g{x,t}. At
time t, the deformation gradient F{u) is equal to I + Yu , where V is the gradient aperator.
relative to x. The inverse of F(u) is denated by G(u). Let o be the Piola-Kirchhoff stress

tensor relative to 2 and p the corresponding mass density. The dynamic equilibrium equations

are

2
div (F(w.o) + gla,t) = p L0060 "

at?
According to the theory of Mandel [-2:] for finite elastoplasticity with infinitesimal
elastic strains, the constitutive equations are written in an intermediate configuration
which is deduced from the current ome by the rotation R. Let 7 be the Piola-Kirchhoff stress

tensor relative to this intermediate configuration.
T T _
o= [Fu)| G(u).R.%.R .G(u) = T(I,7u) (2)

Let & be the internal variables, the state of a material peint of the body at time €
is characterized by £ = (m,a,R). As schown elsewhere [ 3], the evolution of this state I
according to the elastoplastic conmstitutive equations may be summarized by the following

evolution equation

£ = H(Z,%u,v0) 3
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The integral fg2.b dx is denoted by the dot preduct (a,b)g. v and © designate virtual

displacements and virtual state fields. Then the variationnal formulation is written :
Find u(t) e U(Q), Z(t)e A(Q)

(pﬁ,v)n + (F(u).U,Vu)g = (g,v)
(£,0) = (H(z,%u,71),0)

Qs ¥ VEU® (&)
g ¥ OerD)
3, IMPLICIT-~EXPLICIT ALGORITHM

As we already noticed in the finite element analysis of soil-structure interaction, it
could be of interest to use a mixed time-integration scheme. Thus we split the domain @ into
two parts QI and QE’ we assume that elements belonging to QI and QE are respectively treated
implicitely and explicitely. Then following Hughes et al. [:4~], an implicit-explicit algo~
rithm is written for finite deformations, starting from the well-known Newmark's algorithm.
The time discretization is performed on the interval [ 0,T ], assuming a constant time step

At. Let m be the time step number, the displacements are discretized as follows

x* _ . 201 . . X - YT
U Ty + At a + At<(1 2B)un » U a + AE(] '~()u1_l
(5}
— x 2 .. - — o* s
Uy T o + B At Ui T SR R + v At Uosq
Thus the set of equations (4) is written :
p = P LE -
[ (Gt 1 V) g ) G2l o) - (PG, ) 0%, o Vg™ (i) 000120
* _ X S, x
(En+i—zn ) E (H(En+l’ +1,V(un+1 un})’G)QE ' a1 T(i:n+l’vun+t) (6)
(En+1-zn,e) 2, =(H(Z nel? rl+l,v'(urmuun)),e)ﬂI s O T T(En+1,VUn+1)

The set of equations (6) is highly noplinear, we use an iterative process to solve it.

Let j be the iteration number, and let us introduce some useful notations :

mu(w,v) = CE%EQ w,v)ga, a=1,E H m{w,v) = mI(w,v) + mE(w,v)
ca(w,s,v) = (F(w).s,\?v)g ,a=T, E
o
b(w,v) = m(w,v) + (C:E:(w),\?v)Q
I
j - x ] _ x j 3
Tae1 (V) = (B Wity o ) - eplup 1’cr w1¥) T e 0, ™

b{w,v) denotes a symetric bilinear form, where the second part is the elastiec virtual
work of the implieit subdomain QI. C is the elasticity tensor and e{w) is the strain measure

equal to {Vw}s. The different steps of the algorithm are as follows

x oy e
Step 1. Let e WS, E be known. Computexun+l, LI Fer j=0 , un+1 u, En+1 = En
Step 2, Predictor phase on Q for Z e+l and Gn+l according to eq. (6b), Compute r;+1(v} on Q.

j+l . +l g -
Step 3. Solve for un+l on Q : b(u bl un+],v) = rn+!(v)

j+1 ] i+l +] +t
Step 4. Solve for Ei+l on QI : (EJ+1 ,0)g =(H(Ei+i,v i+1, {u J -u ) 0} I
j+1 j+i
Compute ¢ = T(En+1,

-~ ) on 2. and r ](v) on Q.

I
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Step 5. Tests for convergence om uJ+£ and rJ+]

el el according te fixed tolerances DTOL and RTOL
AL N \ i+t J+1
11 wdt) - wd W cvron gl and irgf 1] g RaoL. e 1
j = j+l and go to step 3 if convergence is not reached.
Step 6. Solution for displacements on 9 :
RN ) S - _ % 2 - o o .
Yn+t Ynelr Ypl (un+l un+1)/BAt > Yoy Y + A Y)un * BAt Yn+l
Corrector phase on QE’ solve for En+1: (£n+l—2n,0)nE= (H(Zn+],Vun+I,V(un+]“un),0)ﬂE
. o pitl
Update En+l on QI : En+1 En+1

To take advantage of the implicit-explicit scheme, it is of utmost interest te have a
consistant form m; {w,v) and a diagonal form mE(w v) according to the finite element discreti-~
+1 1
zation. Thus durlng iterations, the values of " are constant and equal to u

n+l n+l
+
unknowns u .y are iteratively approched by uJ } on the nodes belonging to fiq and to the inter-

on 9 the

face. The state En+l is predicted by i el o0 ﬂ at step 2 and is kept constant durlng itera-—

tions, it is corrected at step 6. (m QI the state En+1 is iteratively approched by EJ *1 at

+1
step 4.

We have not performed a stability analysis for this scheme. But based cn numerical expe-
riments it seems that the recommandations of Hughes are sufficient, however to prevent insta-—
bility of the solution due to the high nonlinearity of the equations the convergence toleran-
ces must be stringent emough. 4ll the calculations presented below have been performed with

the derived trapezoidal rule scheme (y = 1/2 , B = 1/4 ).

4. COMPARISON WITH EXPERIMENTS ON A SCALED MODEL

Experiments on scaled models have been performed in the laboratory to study the s0il
retaining wall system during seismic events. The model is a box 1.00 m long, 0,60 m high
0.06 m wide, filled with rods material upon which a model of retaining wall is laid. The box
is shaken at its base by an hydraulic MIS system, so that different seismic inputs are obtai-

ned. A gravity retaining wall and a cantilever wall were tested.

A A | | | B
N
N . .
\ \ \ m 2 A wall
. SR \ \ \ E, 1= 10 MPa
f E = 2.1 10° MPa
b wall
boundary conditions:
B . u = 0 on BC and DE
u =y =0 on CD
D C——by ¥y z
z Af ] ! ! scale : +—— 0.10 m.
A 1 T
L
i fig. | Finite element meshes
\ \ Gravity wall and cantilever
i 4 i wall.
T !
o| | |
7
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The bidimensionnal finite element mesh isg regular with only a few fine elements where

large deformations are experimentaly cbserved. Eight nodes isoparametric elements with a

2x2 Gauss integration are used (fig. 1).

The constitutive equations for the soil are derived

from a CamClay model with a bidimensionnal special formulation. The soil is explicitely

treated while the wall is implicitely integrated. The initial state of stresses in the soil

was obtained by a static computation with incremental gravity. The time step imposed by

stability criteria is 5.1075s. The experimental excitations are recorded at the base of the

box, two samples of accelerogram data are schown in fig.2 : a synthetical seismic¢ accelero-

gram, an harmonic cne, time durations are respectively 2.5s and 0.5s. The excitation is uni-

form all over the box, so that for the computation the system is submitted to an inertia

force computed with those accelerogram data.

-~ ace (m/s2)

synthetical accelerogram

fig. 2 Accelerogram data versus time (

~Jace (m/s?)

£ i Lehl

lr;
Y
5

\’ ﬁ
harmonic accelerogram
horizental, - - - - vertical )

Experimental data are compared to calculated results for the displacements and the ac-

celerations at the top of the gravity retaining wall submitted to seismic synthetical sol-

licitation (fig. 3) :
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The cantilever wall submitted to the harmonic excitation gave us the experimental and
computed displacements at the top of the wall schown in fig. 4.

disp (mm). ;“\‘__'t\ iy disp (mm}

o] _ Y Y A =1~ -

u
Z

ﬂ\_ \\
experiment \\“/ computation
o \\/PU
u ¥
-1
t (10 -s)

-1
t (0 5)
T T T T T T M T M T
i i : i ; 1 i 3 i 5

fig. 4 Experimental and computed displacements at the top of the cantilever wall

The shape of the displacements are quite different with the two types of sollicitations,
the harmonic acceleration give a regular response of the wall, while under seismic accelera-
tion the wall moves by fits and starts. The computed displacements are closed to the expe-
rimental data, the comparison for the accelerations is also quite good. The good correlation
between experiments and computations is confirmed by other comparaisons for different tests
[37].

We present now computationnal results on the toral dynamic pressure against the gravity
wall submitted to the seismic motion (fig. 5), this point having been often adressed at by
other simplified methods. The total force is increasing above the static value, the large
movements of the wall apart frem the backfill correspond to large values of this forece and
maxima of its inclination on the back of the wall. ¥With those movements the maximum of the
soil-wall friction ¢ is mobilized, thus the corresponding inclination of the force with ho-
rizontal is equal to ¢+B (B is the inclination of the back of the wall with vertical). The
location of the application of the resultant force is quite constant and equal to the static
value which is at one third of the height from the base of the wall.

In fig. 6 we present the total computed force acting on the fixed right side BC of
the box during the same experiment. Contrary to the movable wall the dynamic force is oscil-
lating around the static value, the large accelerations generate large oscillations of the
total pressure. A typical sample of the distribution of the horizontal stresses along the
side of the box is schowa in fig. 7, the distribution is not hvdrostatic as assumed by

Mononobe.
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fig. 3 History of the total dynamic pressure against the gravity wall
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5. CONCLUSION

With the proposed numrical tool it is possible to assess the validity of simplified
procedures based on the Mononobe formula and to check different assumptions such as earth-
pressure distribution during earthquakes or the position and inclination of the resultant
force acting towards the retaining wall.

On the other way the numerical technique proposed here may be [avourably extended to the

study of the dynamic stability of slope and earthdam.
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