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Collapse simulation of rockfill e m b a n k m e n t s  

La simulation de l'effondrement des remblais en enrochement
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SYNOPSIS: A number of elastoviscoplastic finite element collapse simulation studies is performed to 
determine the effect upon the safety factor of various parameters, namely the cohesion, friction 
angle, Poisson ratio and the out-of-plane stress. Comparison with results obtained with the slices 
method is also provided.

1 INTRODUCTION

The collapse simulation of frictional masses can 
be very conveniently investigated by the Finite 
Element Method (F.E.M.), with recourse to an 
elastoviscoplastic model using Mohr-Coulomb or 
Drucker-Prager yield criteria.
In the case of rockfill dams, the embankment is 
usually assumed to be in a state of plane strain 
(e2 =0, oz f  0). The influence of the out-of-pla
ne stress az is known to be highly significant, as 
shown by various analytical and numerical collapse 
studies (Matos, 82). The use of 2D yield laws that 
depend only on ai and <?2 is therefore not adequate 
in this context. The confining stress Oc, of the 
triaxial tests, has an important effect upon the 
material parameters: the friction angle $ and the 
Poisson ratio are known to diminish with increa
sing a (Pinto, 83). Information is scarce about 
the "iS situ" value of oz in rockfill embankments. 
The out-of-plane stress is known to depend upon 
the mass density of the embankment material: 
oz = kq a , where K0 is the at rest earth pressure 
coefficient and Oy the vertical stress.
The stress az is also affected by the energy of 
compaction and by the construction sequence: with 
reference to a state of "locked-in" stress it is 
measured by a coefficient of residual internal 
constraint, KQ r.
In the present'study an investigation is conducted 
about the way in which the various model parameters 
(if, v, oz, K0) influence the collapse safety factor

Fs-

2 MODEL RELIABILITY

Every safety analysis procedure, be it probabilis
tic or deterministic, requires an overall model 
which is intrinsically deterministic.
The model integrates not only the analysis algo
rithm (F.E.M. in the present case), but also the 
material behaviour (elastoviscoplastic Mohr-Cou
lomb or Drucker-Prager material). It provides 
results which will agree with reality to a limit
ed extent and so they will have to be multiplied 
by an approximiation factor, Fa. Conservative mo
dels will have Fa > 1.0. The perfect model would 
require Fa = 1.0 (deterministic situation).
When the transition is made from classical methods 
to modern (say, finite element based) techniques, 
spacial care has to be given to the definition of

of safety. Many years of experience with the 
slices method have taught us that embankments 
stability will generally be guaranteed for values 
of the safety factor Fs in the range 1.0 to 1.5.
In the context of a probabilistic safety analysis 
this would correspond to Fa being clearly greater 
than 1.0 (conservative method), since the variabi
lity of loadings and resistances are intrinsically 
contained in the recommended values for Fg.
On the other hand,modern methods are expected to 
have values of Fa closer to unity. However the 
results provided should be carefully pondered 
because the margin of safety is much smaller. An 
important first step to this crucial investigation 
is assessing the effect of the model material 
parameters on the collapse simulation results.
To this end several finite element numerical 
studies are presented in this paper and comparison 
with the slices method is also provided.

3 COLLAPSE SIMULATION

In recent safety analysis procedures, based on 
the theory of reliability, various choices for 
the collapse path are investigated by assigning 
statistically based variations to the intervening 
parameters (gravitic and/or seismic loading, 
water thrust, local hydraulic fracture, cohesion 
and friction angle, mass density, etc).
The analysis algorithm performs the parameter 
variation until collapse accurs. This is the so 
called numerical collapse simulation. The rules 
of variation of the problem parameters as well 
as the corresponding safety factor values pertain 
to the Theory of Reliability, a relatively 
unexplored discipline.
In the classical methods the only decision to be 
taken regarded choosing whether to enter the 
stabilizing soil mass contributions (Mi) as 
reducing the effect of the overturning forces (M2) 
(whereby F„ = (M2~Mi)/R) or as increasing the 
resisting forces (R) (in which case FS=M2/(R+M^)). 
On the other hand modern methods, because they 
allow for sofisticated models with a large number 
of material parameters, make it very difficult to 
perform a comparative analysis of the innumerable 
collapse simulations that can be undertaken.
This paper presents the results of the application 
of an elastoviscoplastic material model (with a 3D
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yield surface) to the finite element (Zienkiewicz, 
1974) collapse simulation of the Beliche dam (Por
tugal) .
Collapse has been investigated by reducing cohesion 
C and friction angle <t>, so as to bring into the 
analysis the uncertainty of material parameters 
obtained in lab tests and the weakening of rock 
due to wetting and alteration.
The safety factor shows a strong dependence on 
the variation of 4> with oc as well as on the resi
dual spherical tensor of consolidation (Ii), mea
sured from the at-rest earth pressure coefficient 
K0 .
The use of 3D (rather then 2D) yield surface aims 
at a better understanding of material behaviour 
and of the effect of K0 (1°) upon yielding.
With 2D laws it is not possible to account for 
the effect of the out-of-plane stress component. 
az •
On the other hand, adoption of 3D yield surfaces 
poses one important problem, namely the strong 
sensitivity of the structural strength to the 
values of the Poisson ratio v.
The Poisson ratio being an elastic material para
meter it is therefore somewhat difficult to 
understand its influence upon ultimate (plastic) 
strength.
As it happens the hyperbolic model resorts to 
the variation of friction angle tp and Poisson 
ratio v for fitting the soil laboratory curves.
This is a non-linear elastic procedure perfectly 
adequate for simulating the behaviour under 
service loads.
However this technique must not be extrapolated 
for use in collapse simulation studies with 3D 
yield surfaces, due to the extremely important 
numerical effect of the variation of Poisson 
ratio.

4 NUMERICAL RESULTS

A series of plane strain collapse simulations of 
the Beliche dam (Fig. 1) have been performed in 
order to determine the effect upon the safety 
factor of a number of assumptions concerning:

(i) the computation of the out-of-plane stress 

Cz;
(ii) the variation of the friction angle 4> and 

Poisson ratio v with the confining stress ac .
The analysis have been conducted for a full 
reservoir situation. An elastoviscoplastic finite 
element model has been employed, with a Drucker- 
Prager yield criterion. Results obtained with the 
slices method are used for comparison.
The material parameters for both the rockfill 
embankment and the foundation have been determined 
by LNEC (the Portuguese National Laboratory for 
Civil Engineering).
The safety factor is calculated by reducing the 
material strength parameters, namely the cohesion 
C and the tangent of the friction angle.
The displacement of point P (Fig. 1) at the 
upstream edge of the dam crest is used for moni
toring purposes.
Three sets of analysis have been performed.

SET 1. Collapse has been induced by reducing the 
friction angle <(> (with constant v) and 
taking oz = v(ox + ay).
The safety factor was found to be Fg =2.5 
(Fig. 2). The plastic deformation vector 
field given by the F.E.M. solution (Fig.3) 
was used to define the slip surface for 
the slices method, which gave the same 
value for the safety factor.

SET 2. The friction angle i)> and Poisson ratio 
depended on the confining stress ac via 
the following hyperbolic model-type 
expressions:

log (°c/pa>

v = G - F log (°c/pa)

where Pa is the atmosferic' pressure. G 
and F are calculated from triaxial test 
results.
The out-of-plane stress az is az=v(ax+ay) 
(as in SET 1).
With v constant and 4> variable the safety 
factor was Fs = 1.73 (Fig. 4), while 
varying both and \i came Fs < 1 (Fig. 5) . 
The slices method (with the same slip 
surface as in SET 1) gave Fs = 2.09. The 
friction angle for each slice was 
extracted from the F.E.M. results at 
collapse.

SET 3. The effect of v on Fs in SET 2 was largely 
due to the assumption made for the compu
tation of the out-of-plane stress az. Two 
other alternative formulas for oz are now 
investigated:

az = K1 ay : K1 = v/ (1_v)

o**= K, a ; K. = 1 - sin $ 
z 2 y 2

The corresponding safety factors are 1.6 
and 1.4 respectively, which confirms the 
dependence of the safety factor on the 
horizontal stresses, and particularly, 
on the out-of-plane stress, since for 
the Beliche dam materials Ki is greater 
than K2 (Table 1).

Table 1. Comparison of and K2 values

Material \) 4> v/(l-v) 1-siniJ)

1 0 .38 51.1 0.61 0.22
2 0 .34 57.0 0.52 0 .16
3 0.27 39.6 0.37 0.36
4 0.28 49.9 0.39 0.24
5 0 .40 20.1 0.67 0.66
6 0 .35 47.0 0 .54 0.27
7 0.30 39.9 0.43 0.36

The slices method (not sensitive to az) 
gave Fs = 2.5 (as in SET 1).
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Collapse simulation studies of rockfill embankments 
show that the safety factor is very sensitive to 
the horizontal stresses and, particularly, the 
out-of-plane stress, oz, and also to the variation 
of the friction angle with the confining stress 
oc. The computation of az with recourse to K0 (the 
at rest earth pressure coefficient) appears to be 
a promising strategy. Further effect is required 
in order to develop laws for Ko that account for 
the effect of compaction during embankment cons
truction .
The power and versatility of finite element based 
methods of analysis is unquestionable, but careful 
parametric studies are required for the accurate 
understanding and tunning of complex material 
models.

5 CONCLUSIONS
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