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1. INTRODUCTION

The two previous Benchmark Workshops on Numerical Analysis of Dams have
demonstrated the difficulty to define sufficiently precise instructions and to perform
numerical analyses of embankment dams.

For the next Benchmark Workshop, a simpler simu[ation is proposed :

- the load cases are only static loadings,

- the constitutive model of the materials is supposed to be the Mohr Coulomb
model and the properties are explicitly provided,

- the requested results are pore pressure andfor settlements and/or effective
stresses in the dam.

Any method that gives an evaluation of the requested results may be used :

- seepage analysis (evaluation of pore pressure),

- stability analysis (evaluation of settlements),

- uncoupled analysis {(evaluation of pore pressure and settlements without taking
into account coupling effects between them],

- coupled analysis {evaluation of pore pressure and Settlements with taking into
account coupling effects between them).

The comparison of results obtained by different methods could provide some
conclusions on the importance of the coupled effects between mechanical and
hydraulic responses of the structure.

The selected dam is the same as that chosen for the first two benchmark workshops
and for theme B2 : El Infiernillo dam (Mexico}. It is a 145 m high rockfill dam with a
central clay core. It was built in 1962-63 and its impounding began in June 1964.

A two-dimensional analysis will be carried cut. The retained section of the dam is an
upstream-downstream section of maximum height.

It is not compulisory to carry out the whole set of analyses proposed.

The paper should not exceed 14 pages including the requested Figures and Tables.
The text should report ;

- the methodclogy of the analysis,

- the selected computation method,

- the main assumptions of the numerical model adopted,

- the software used,

- the computation times for each load case and the hardware used.
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2.

MATERIAL PROPERTIES

The materials of the various zones are described in Fig. 1. They can be divided into
4 main groups : core, filter, transition material and rockfill. The constitutive mode! of
the materials is supposed to be the Mohr Coulomb model. The parameter sets and
the vertical and horizontal permeabilities for each material are given in Table 1.

Densities are given in Table 2.

The foundation is composed of sound rock consisting of silicified conglomerate with
basaltic dykes. It is presumed to be rigid and impermeable.

Table 1

3rd Benchmark Workshop - Theme B1

Parameter sets to be used with Mohr Coulomb Model

Compacted
rockfill
Parameter Core Filter Transition Dumped

rockfill

E (MPa) 40 40 40

v 0.3 0.3 0.3

¢ (°) 25 35 42

¢ (MPa) 0 0 0

w{®) (1) 5 5 )

ky (m/s) 2.10°10 8.10°° 7.104 e |

ky, {m/s) 8.10-10 8.108 7.10% - (2)

(1)

(2)

dilatancy angle  is necessary only for a formulation of the Mohr Coulomb model with
a non associated flow rule ; in a standard formulation ¢ = ¢

rockfills are supposed to be fully drained.
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1. Impervious clay core 4. Inner Shoulder compacted rockfill
2. Filters (sand) 5. Outer Shoulder dumped rockfill
3. Transition Zone 6. Cofferdams (integrated) dumped rockfill

Fig. 1 : 3rd Benchmark Workshop - Theme B1
Material property zones

Table 2
3rd Benchmark Workshop - Theme B1
General characteristics of the material

Properties Core Filters Transitions Rockfill

Grain density - 2.75 2.76 2,75 2.71

Dumped Compacted

Dry density 1.59 1.87 2.02 1.76 1.85
Initial degree
of saturation S, 0.96 - - - .
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3. FINITE ELEMENT MESH

A basic mesh is proposed. It is more refined in the core of the dam than the one
aiready used for the two previous Benchmark Workshops. It is illustrated in Fig. 2. It
has been optimised with an algorithm for profile and wavefront reduction of sparse
matrices. There are two different types of elements: the isoparametric 8-node
quadrilateral and 6-node triangle. The node numbering conventions for both elements
are also shown in Fig. 2. '

No rock foundation was modelized, since it is considered as rigid and impermeable.
The finite element mesh is defined in the diskette by the two files :

ELEMENTS.DAT and NODES.DAT

These files contain lists for elements and nodes respectively. A description of the
data format is given at the top of each file.

The basic mesh is made of 1156 nodes and 389 elements. The participants are free

to use another mesh, for example in order to reduce the number of nodes and
elements. '

However it is recommended to have at least four elements in the thickness of the
core to compute pore pressure and settlement with good precision, because the
hydraulic gradient is very high, according to its low permeability and its thickness.

Important : In any case, the points selected for the output must be kept in the
modified mesh, so as to enable the comparison of results at the same locations.

Vol 111, 509



Vol ITL, 510 .

AN

i

AN
~

\

/

/]

e
£

~

N

NERN
N
\

JaN
4 \\
NN
X
;

11
i

/
/
/S /
<
SN
\F

I

AN
AN

47\
NN

\

el

—

N

Fig. 2 : 3rd Benchmark Workshop - Theme B1
Finite element mesh
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4. 'DEFINITION OF LOAD CASES

. 4.1. Introduction

. Three load cases, corresponding to the actual history of the dam, are redquested :
construction period, reservoir impounding, consclidation phase. H is not compulsory
to modelize the three load cases: only one or two of them may be performed,
depending on the used analysis method. The various phéases are detailed. in the
following sections.

The boundary conditions will take into account the following aspects :
- the rock foundation is assumed to be rigid and impermeable,

- the dam's upstream face boundary conditions (mechanical and hydraulic) are
directly related to the reservoir level.

The initial conditions in the materials (unit weight, porosity, degree of saturation,
ete.} for the construction phase will be taken from Table 2.

4.2. Construction Phase

The total duration of the dam construction is approximately 15 months, with a very
regular rate of elevation versus time : 10 m per month.

Then a consolidation period of 5 months occurs before reservoir impounding, the
reservoir level being at El. 80. The analysis corresponding to this first consolidation
period remains optional.

4.3. Reservoir Impounding

Fig. 3 gives the observed curve of the reservoir [evel increase versus time, which can
be simplified as follows :

- before point A : Reservoir at EL. 60

- between A (El. 60) and B (El. 130} : 0.5 months
- between B {El. 130) and C {El. 160) : 1.5 months
- between C {El. 160) and D (El. 169} : 4 months.

After point D, the reservoir level is assumed to stay at El. 169.
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Fig. 3 : 3rd Benchmark Workshop - Theme B1
Reservoir impounding : reservoir level (m) vs. time {months)

4.4, Consolidation

A phase of consolidation will occur after reservoir impounding, so as to obtain
stabilization in pore pressures and effective stresses. .
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5. PRESENTATION OF RESULTS

The participants are free to present ail figures and results which they consider
interesting for the study. However, in order to facilitate the comparisons and
discussions during the meeting, some Key results are required as a minimum and are
detailed hereafter. Templates are glven in the following figures. ; ‘

Moreover, participants are asked to record the results of Figures 6 to 9 and Table 3,
on a floppy disk as indicated in the file RESULT.DAT.

5.1. Effective Stresses

Fig. 4 gives a template for the presentation of the contour lines of horizontal (named
Fig. 4a) and vertical (named Fig. 4b} effective stresses as well as shear stresses
{(named Fig. 4c¢) in the dam at the end of construction, impounding and consolidation.
The results are required for all or some of these phases.

- Geometrical scale : 1/3500
- Contour lines every 0.2 MPa (= 0.2 x 108 Nm2) - Units in MPa.

h.2. Pore Pressures

The contour lines of pore pressure (named Fig. 4d and Fig. B) are required for the
same 3 phases as mentioned above. Fig. 4 also gives the template for the
presentation, and Fig. 5 is a zoom on the core material.

- Geometrical scale : 1/3500 (Fig. 4d) and 1/1000 (Fig. b}
- Contour lines every 0.1 MPa

5.3. Displacements

For each point of the dam, the origin of displacements is taken at the date of
placement of the corresponding layer.

Horizontal and vertical displacements are required at the end of the last performed
phase, (if 3 phases are performed, at the end of consolidation phase), and will be
given along 3 main lines of the dam :

Vol 11, 513



- Vertical line in the core {AA} : See tempiates in Fig. 6 and 8,
Horizontal lines at El. 120 (BB} and 80 {CC} : See templates in Fig. 7 and 9.

Scales :

Geometry: 1/1000 for line AA
1/3500 for lines BB and CC

Displacements:

> line AA - 1/20 for settlements (Fig. 6)
- 1710 for horizontal displacements (Fig. 8)
> lines BB and CC - 1/40 for settlements (Fig. 7)

1/20 for horizontal displacements (Fig. 9)

The settlements will be given in Fig. 6 and 7, and Fig. 8 and 9 will be used for the
horizontal displacements.

5.4. General Summary

A summary table will also be given for the 5 following nodes :

S Middie axis of the dam (core) at El. 180 (crest), El. 120 and El. 80 {the nodes
will be called CC, CM, and CL respectively).

> Upstream and downstream face of the dam at El. 120 {the nodes will be called

UM and DM respectively). ‘

The table will summarize the displacements and pore pressure of the 3 main phases :
construction, impounding and consolidation (see template in Table 3}.

Vo, I1I, 514



Points of the Dam Section
CC CM CL uUm DM
End of Construction
End of Impounding
End of Consolidation
Horizontal Displacements {102 m)
Points of the Darh Section
CcC CM CcL UM DM
End of Construction
End of impounding
End of Consolidation
Vertical Displacements (102 m)
Points of the Dam Section
CcC CMm CL uUm DM
End of Construction
End of Impounding
End of Consolidation
Pore Pressure (MPa)
cC
0 AN
/7N il N
um -~ S/ TTDHEM_ N\ N\ N\~ DM
/] \ AN
1 \ VANEE ! AN NS
LA AN NN
S SR S ST
il Ty
— EaS i .

Table 3 : 3rd Benchmark Workshop - Theme B1
GENERAL SUMMARY : Results of displacements
and pore pressure after each phase
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U/S D/S
End of Construction

u/s D/S
End of Impounding

u/s D/S

End of Consolidation

Fig. 4 : 3rd Benchmark Workshop - Theme B1
Template for stress and pore pressure distribution

Vol. I11, 5§16



End of Construction End of Impounding End of Consolidation

Fig. 5 : 3rd Benchmark Workshop - Theme B1
Template for pore pressure distribution
Zoom on the Core Region
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Fig. 6 : 3rd Benchmark Workshop - Theme B1
Template for the settlements
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Fig. 7 : 3rd Benchmark Workshop - Theme B1
Template for the settlements
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Fig. 8 : 3rd Benchmark Workshop - Theme B1
Template for the horizontal displacements
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Fig. 9 : 3rd Benchmark Workshop - Theme B1

Template for the horizontal displacements
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Third ICOLD Benchmark Workshop on Numerical Analysis of Dams
Paris (France), September 29-30, 1994

ADDENDUM

to Theme Bl
Evaluation of pore pressure and settlements
of an embankment dam under static loadings

The Mohr Coulomb constitutive model cannot be implemented analytically in finite element
programs. Usually, it is integrated by using a numerical algorithm or its yield surface is
simplified, or a simpler constitutive model is used (like Driicker Prager model). Therefore
discrepancies in the results of finite element computations may be due to the numerical
implementation of the constitutive model used by each participant. In order to quantify these
discrepancies, it is required to provide the results of a drained triaxial test and an undrained
triaxial test with the same following characteristics, for the core material only :

- confining pressure 63 = 0.5 MPa,
- amplitude of axial strain : 0 to 10 %.

The following results must be given

e for the drained triaxial test :
- deviatoric stress { ( =01 - 03 } vs. axial strain €] curve,
- volumetric strain (g,) vs. axial straineq curve,
- the value of the maximum deviatoric stress qmax,
- the value of the minimum volumetric strain &,,°,
- the value of the axial strain £1° when g, =¢,°

 for the undrained triaxial test :
- deviatoric stress (q =061 - ¢3 )} vs. axial strain €] curve,
- pore pressure (u) vs. axial strain e1 curve,
- deviatoric stress (qQ = o} - 63 ) vs. mean effective stress p'= (o' +2 '3 ) /3 curve,
- the value -of the deviatoric stress-q at €1 = 10%, -
- the value of the excess pore pressure u at €1 = 10%,
- the value of the maximum excess pore pressure Uy »
- the value of the axial strain £1° when u=up,, ,
- the value of the deviatoric stress ¢ when u=upay .

Vol III, 522
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Third Benchmark Workshop on Numerical Analysis of Dams
Gennevilliers (France) - September 29-30, 1994

Theme B1 :

EVALUATION OF PORE PRESSURE AND SETTLEMENTS
OF AN EMBANKMENT DAM UNDER STATIC LOADINGS

SYNTHESIS
0.0ZANAM*, G. LA BARBERA**

*Coyne et Bellier, Bureau d’Ingénieurs Conseils
9 Allée des Barbanniers - F-92632 Gennevilliers CEDEX - France
** ISMES Sp.A.
. Viale Giulio Cesare, 29 - I- 24124 Bergamo BG - Italy

Seven contributions were received for theme B1. Four of them are issued by French companies or
laboratories. These contributions can be divided into three groups :
=> those devoted to theme B1 :
e GEFDYN used by Coyne et Bellier - fully coupled analysis [5];
e OMEGA used by ISMES and ENEL - fully coupled analysis [2];
¢ PECPLAS used by Ecole Centrale de Lille - uncoupled and partially coupled analysis [7];
e S.I.C.3 used by CEMAGRETF - partially coupled analysis [1];-
=> those devoted to theme B2 :
e GEFDYN used by EDF/CNEH - 2 applications in fully coupled analysis (paper inserted in
section B1) [3};
¢ MATLOC used by the Civil Engineering Institute of Bucharest - fully coupled analysis
(paper inserted in section B2) {6];
= one extra contribution : _
o GEFDYN used by Harza - fully coupled analysis in the core [4].

The extra contribution was accepted because it deals with exactly the same problem as that
proposed in theme B1, but with another dam. Therefore it is not included in the comparison of
results.

The contributions devoted to theme B2 are included here either because the participants did not
have sufficient time to perform the whole static and dynamic analysis proposed for theme B2 or
because the Committee considered that sufficient interesting results on their static computations
were provided by the authors. In both cases, the constitutive model and parameters sets used in the
computations are different from those proposed in the Benchmark specifications. This will explain
some discrepancies.

The contributions devoted to theme B1 used either the Mohr Coulomb plasticity criterion (Coyne et
Bellier, Ecole Centrale de Lille) or an equivalent plasticity criterion (ISMES by using a Driicker
Prager model with an equivalent friction angle, CEMAGREF by using the C.J.S. elastoplastic
model, which is a regularized approximation of the Mohr Coulomb model).

Vol 111, 525



1. MAIN ASSUMPTIONS OF EACH PARTICIPANT
1.1 Numerical model

Table 1 summarizes the main numerical features adopted by each participant for each computation

phase. Three main families of methods can be seen: , _

o fully coupled analysis, in which the mechanical equilibrium and the balance equation of the fluid
contain the coupled terms and are solved at the same time in order to provide results in terms of
displacements and pore pressure;

e partially coupled analysis, in which the pore pressure distribution is first computed by using a
flow balance equation and secondly introduced as external forces in the mechanical equilibrium;
some iterations between these two computations could be performed in order to improve the
coupling; :

o uncoupled analysis, in which the pore pressure distribution is not taken into account; only the
mechanical equilibrium is solved and results are displacement.

Tnside the family relative to the fully coupled analyses, different approaches are proposed:

e fully coupled analysis in the whole dam, and results in terms of displacements and pore pressure
(EDF/CNEH), . _ '

o fully coupled analysis in the core only and uncoupled analysis elsewhere with results in terms of
displacements and pore pressure (Coyne et Bellier, CEI of Bucharest); '

o fully coupled analysis in the core (and filters) only without transient flow during impouriding and
uncoupled analysis elsewhere with results in terms of displacements and excess pore pressure
(ISMES/ENEL). -

With such fully coupled analyses the simulation of the different phases is performed continuously

with the same numerical model and software.

The partially coupled analysis was used by the CEMAGREF at each phase and by Ecole Centrale de
Lille at the steady state phase. With this type of analysis, the method depends on the loading at each
phase: ' :

o during the construction phase, a coupled analysis is performed with the assumption of a fully
undrained core material; thus the excess pore pressure in the core is deduced from the volumetric
strain and the displacement genérated by the placirig of each layer is computed according to the
mechanical equilibrium, to the elastoplastic Mohr Coulomb model, and to the « undrained »

© @Xcess pore pressure. - ' ' ' S ‘ ‘

o during impounding, the displacement generated is first computed with the assumption of
undrained core material as previously; then the volumetric strain variation is introduced in‘the
flow equation, which provides the transient pore pressure distribution in the whole dam; lastly
the displacement is corrected by taking the pore pressure distribution into account. '

o at the ‘steady state, the pore pressure distribution in the whole dam is computed with the flow
equation and then introduced as an external force in the mechanical equilibrium in order to
compute displacements which take into account the pore pressure.

The uncoupled analysis on the whole dam was used by the Ecole Centrale de Lille for the

construction phase only: for the placing of each layer, the displacement is computed according to
the mechanical equilibrium with the assumption of fully drained materials. '
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software

Table 1 : Recapitulative table of the different methods used for theme B1

company mesh constit. phases
model constr, 1st consolid impounding steady state
GEFDYN EDF standard DP(a) (U,P) - ditto ditto
CNEH +H
GEFDYN EDF standard | Hyp(na) (U,P) - ditto ditto
CNEH tH
GEFDYN (1) | Coyne et standard | M C(na) core : (U,P) ditto ditto ditto
Bellier
elsewhere : (U)
MATLOC CEI less refined | Duncan core : (U,P) ditto ditto ditto
Bucharest Chang
OMEGA (2) ISMES standard D P(a) core, filters : (U’AP) ditto ditto ditto
ENEL elsewhere : (U)
PECPLAS | ECLille | quadr. only | M C(na) U) - - (P) = (U)
S1.C.3 CEMA | standard | CJS. | core: (P)— (U) ) (Up) = (P) = (U). (P) = (U)
3) GREF (na) elsewhere : (U)
GEFDYN Harza other dam | H(dam)} core : (U,P) ditto ditto ditto
+D P(F)
elsewhere : (U)

LTS “TIL I0A

(1) saturated/unsaturated material

(2) no transient seepage

(3) no transient flow - unsaturated material
(a) associated flow rule

MC : Mohr Coulomb constitutive model
DP : Driicker Prager constitutive model
H : Hujeux/Aubry constitutive model
(na) no associated flow rule

(U,P) coupled model with displacement and pore pressure as unknowns
(U,AP) coupled model with displacement and excess pore pressure as unknowns
(U) purely mechanical model with displacement as unknown




1.2 Hydraulic boundary conditions

Table 2 summarizes the boundary conditions adopted by each participant (if they are known) :

e on the upstream (U/S) and downstream (D/S) faces of the core in the case of a coupled analysis
in the core only, :

e on the upstream (U/S) and downstream (D/S) faces of the dam in the case of a coupled or
partially coupled analysis in the whole dam.

These boundary conditions are the most important factors in coupled computations. All participants
have adopted the assumption of an impervious foundation (except the extra contribution of Harza).
The boundary conditions are of three main types (Fig. 1)

e the pore pressure is imposed at a specific value; usually this value is set either to zero (p=0), if
there is no water outside the coupled zome, or to the hydrostatic pressure (p=pp,q) if there is
water under hydrostatic conditions outside the coupled zone; this boundary condition means that
flow can occur through the boundary (inside or outside flow); this flow exists certainly if there is
water outside the coupled zone, but it is more uncertain if not (especially during construction).

e no flow is imposed (¢=0); this assumption seems to be reasonable during conmstruction and
impounding (upstream above water level and downstream), but it is too pessimistic for the steady
state. : ‘

« seepage boundary conditions correspond to variable boundary conditions as a fonction of the
pore pressure inside the coupled zone and the water pressure outside it; if there is no water
outside, no flow is imposed if the material is unsaturated, or the pore pressure is imposed at zero
(atmospheric pressure) if the material is saturated; if there is water outside, the hydrostatic
pressure is imposed at the pore pressure; this simple algorithm is summarized by the sketch
drawn in Figure 1.

The boundary conditions adopted by ISMES cannot exactly be attached to one of these three cases.

Indeed, during the construction phase, the boundary condition of no excess pore pressure

corresponds exactly to the condition of pore pressure set to zero. But during the impounding and the

steady state phases, the same boundary condition is used, with the additional assumption of

hydrostatic pore pressure in upstream rockfill and in the core. This means that : '

e during impounding the boundary condition is p=pyyq 0n upstream and downstream faces, -

e at the steady state the core is fully saturated, i.c. the downstream core face is impervious. ‘This is
equivalent to a no flow boundary condition on the downstream face of the core.

It also implies that the mechanical hydrostatic pressure is fully applied on this downstream core

face. This boundary condition, which seems to be relatively too pessimistic, will then be the source

of the main discrepancies obtained on the displacement curves (see section 2). -

The coupled zone adopted in the computation is either the whole dam or the core. Pratically, it
would be sufficient to restrict thé coupled zone 6 the core only, because the pore pressure in the
permeable upstream shoulders is known a priori and the downstream shoulders are usually dry. In
fact, with some software it may be easier to enlarge the coupled zone to the whole dam, in order to
have a kind of seepage boundary condition at the core faces due to the contrast of permeabilities
between the core and filter materials.

Table 2 also indicates the permeability coefficients and the horizontal/vertical ratio used in each
computation.. This ratio mainly influences the pore pressure distribution at the steady state.
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Table 2 : Recapitulative table of the hydraulic boundary conditions used for theme B1

625 “TII 19A.

software company { permeab. |coupled phases
in m/s Zone constr. 1st consolid impounding steady state
GEFDYN EDF ky=ky dam |U/S:p=0 - U/S : p=Phya ditto
CNEH |[=2.10" D/S : p=0 D/S : p=0
GEFDYN EDF k=3ky | dam |U/S:p=0 - U/S : p=Phyd ditto
CNEH [ =6.10" D/S : p=0 D/S : p=0
GEFDYN Coyneet | ky=4ky | core {U/S:seepage ditto U/S : p=Phya ditto
Bellier | _ 8.107%° D/S : seepage D/S : seepage
MATLOC CEI ki=ky core ?
Bucharest |*_ ¢ 110
OMEGA ISMES | ky=4ky | core [U/S:Ap= ditto ditto ditto
ENEL |=8.10"° D/S : Ap= + P=Ppyq in the + P=Ppyq in the
core core
PECPLAS ECLille | ky=4ky | dam - - - U/S @ p=Ppuya(U7S)
=8.10"° D/S : p=Pyya(D/S)
S.I.C.3 CEMA | ky=d4ky | dam ([U/S: ¢=0 - U/S : p=phyq ditto
GREF | =8.10"° D/S : ¢=0 D/S : ¢=0
GEFDYN Harza kiky core |U/S : seepage ditto U/S : p=Phyq ditto
=1.10"* D/S : seepage D/S : seepage
P : pore pressure Ap : excess pore pressure ky vertical permeability
Phya - hydrostatic pore pressure ¢ : flow ky horizontal permeability



2. COMPARISON OF RESULTS

No comparison of effective stress distribution will be performed because it is needless. Indeed the
total stresses should be approximately identical for all participants, because they depend on the
material densities and on the geometry of the earthfill and it is sufficient to compare the pore
pressure to evaluate the results of each contribution.

2.1 Triaxial tests

The Mohr Coulomb constitutive model cannot be implemented analytically in finite element
programs. Usually, it is integrated by using a numerical algorithm or its yield surface is simplified,
or a simpler constitutive model is used (like the Driicker Prager model). Therefore discrepancies in
the results of finite element computations may be due to the numerical implementation of the -
constitutive model used by each participant. In order to quantify these discrepancies, it is required to
provide the results of a drained triaxial test and an undrained triaxial test with the following
characteristics, for the core material only :

- confining pressure 63 = 0.5 MPa,
- amplitude of axial strain : 0 to 10%.

Typical curves for drained triaxial tests are represented in Fig. 2 : deviatoric stress (q=0,- G3) vs.
axial strain (g;) and volumetric strain (g,) vs. axial strain. The comparison is performed on the
values obtained at some particular points of these curves :

- the value of the maximum deviatoric stress q_.

. . . . €
- the value of the minimum volumetric strain £
- the value of the volumetric strain at 10% of axial strain,
- - e e + 4+ *
- the value of the axial strain & when g =€ , elastic limit,

The different values obtained by the participants are represented in Figure 3. No significant
differences can be observed for the maximum deviatoric stress, the elastic limit of the axial strain
and the minimum volumetric strain, because these values depend mainly - on the elastic
characteristics of the constitutive model and also on the plastic yield criterion. The small
discrepancics are due to the precision of the provided values; some of them have been rounded. The
influence of the numerical implementation of the plastic flow rule is obvious on the volumetric
strain at 10% of axial strain, because this value depends on the associated or non-associated
character of the flow rule and on the dilatancy angle. Therefore ISMES, which uses an associated
flow rule, obtains a large dilatancy (11%). Coyne et Bellier, which tested two different
implementations of the Mohr Coulomb model, and the Ecole Centrale de Lille obtain values (resp.
0.81% and 0.8%) very close to the analytical solution (0.84%). With the C.J.S. non-associated
constitutive model CEMAGREF obtains a slightly larger volumetric strain (1.3%).

Typical curves for undrained triaxial tests are represented in Fig. 4 : deviatoric stress (q=6,- &3)
vs. axial strain (g,), volumetric strain (g,) vs. axial strain and deviatoric stress vs. mean effective
stress (p’= (¢'1+ 2 ¢'3)/ 3). The comparison is performed on the values obtained at some particular
points of these curves :

- the value of the deviatoric stress q._. at €1 =10%,

- the value of the excess pore pressure u_at €1 = 10%,
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- the value of the maximum excess pore pressure Umax

- the value of the axial strain £1® when u=tyy ,
- the value of the deviatoric stress q_ when u=upax .

The different values obtained by the participants are represented in Figure 5. As in the case of the
drained triaxial test, the only significant discrepancy comes from the associated flow rule used by
ISMES. It is clearly readable on the deviatoric stress and the excess pore pressure at an axial strain
of 10%. One inexplicable difference concerns the deviatoric stress q, computed by the Ecole

Centrale de Lille; it is probably a misprint.

In Table 1 the associated character of the constitutive law is given for each contribution. Only two
computations have been performed with an associated flow rule.

The large dilatancy generated by the standard associated Mohr Coulomb model is one of its well
known drawbacks. This will have an influence on the computed displacements and excess pore
pressure presented by ISMES, in addition to their particular hydraulic boundary conditions.

2.2 Pore pressure distribution

The comparison of pore pressure distribution in the core is rich in information: form of the contour
lines, gradient of pore pressure, maximum pore pressure. Figures 6 to 11 represent the pore pressure

contour lines in the core provided in each contribution and Table 3 the maximum computed values.

Table 3 : Maximum pore pressure computed in the core at each loading phase

software company permeability maximum pore pressure (MPa}
in m/s end of end of end of
construction | impounding | consolidation
GEFDYN | EDF/CNEH | ky=k,=2.10"" 2.0 1.6 1.3
GEFDYN | EDF/CNEH | ky=3ky=6.10"" 1.3 1.4 1.3
GEFDYN Coyne et k=4k=8.107" 0.9 1.2 1.3
Bellier init. saturated
GEFDYN Coyneet | ky=4k,=8.10"" 1.1 1.2 1.3
Bellier init. unsaturated
OMEGA | ISMES ENEL | ky=4k,=8.10"" 0.9 1.3%* 1.3
SIC3 | CEMAGREF |4k =k,=8.10"" 1.0 1.2 1.3

** the minimum pore pressure at the core base is 0.7-MPa (instead of nearly zero)

The influence of the ratio between horizontal and vertical permeability coefficients on the pore
pressure distribution at the end of impounding and at the steady state is noticeable in Figures 6 and
7 (EDF/CNEH) and 11.

The initial saturation taken into account by Coyne et Bellier (S,=0.96 or S,=1) has an influence
during construction and slightly during impounding. This influence decreases with time and loading
history. An initial degree of saturation less than 1 induces higher pore pressure during construction
(Fig. 8 and 9), because of the lowest permeability in the unsaturated zone and of the no flow
boundary condition at the unsaturated core faces. '
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ISMES presents the results in terms of excess pore pressure (Fig. 10). Therefore the contour lines at
the end of construction are similar to those obtained by the other participants, but at the end of
impounding they are completely different. In fact they have the same symmetrical shape as those
obtained during construction but in terms of negative excess pore pressure instead of positive excess
pore pressure. This is fully explained by the symmetrical boundary conditions chosen (Ap=0 =
P=Phya On both upstream and downstream core faces): the same inside flow is computed on both
faces.

The results obtained by CEMAGREF (Fig. 11) are close to those provided by Coyne et Bellier, with
two restrictions :

e the different permeability ratio (ky=4ky), which induces a different steady state,

» some numerical or graphical disturbances appear at the end of the construction phase.

2.3 Displacements along lines AA, BB and CC

Horizontal and vertical displacements were provided at the end of each phase along 3 main lines of
the dam :

» line AA: vertical centre core line,

¢ line BB: horizontal line at elevation 120,

e line CC: horizontal line at elevation 80.
In each figure the available curves have been drawn and some points of other participants (CEI
Bucharest, ECLille) have been superimposed.

a) end of construction

First the comparison of the settlement curves (Fig.12) computed by the participants, who used the

specification data of theme B1, shows that :

¢ all the curves have approximately the same bell-shape,

o the largest settlements are computed by ISMES (180 cm maximum), because of the hydraulic
boundary condition of zero pore pressure on the core faces, which allows the water to flow more
rapidly,

o the smallest settlements are computed by CEMAGREF (135 c¢m maximum), because of the
undrained core assumption, which induces larger excess pore pressure and therefore less
consolidation effect,

e the intermediate settlements are computed by Coyne et Bellier (168 cm maximum), by using
seepage boundary conditions, which automatically adapt the boundary condition to a no-flow or
zero pore pressure condition, depending on the core state.

The other results obtained with different parameter sets and constitutive models can be compared to

the 3 previous results: ‘

e those of EDF/CNEH computed with the Driicker Prager model are very close to Coyne et
Bellier’s results, even if the boundary conditions are close to those of ISMES; the main reason is
the low permeability used in both horizontal and vertical directions (ky=ky), which slows down
the water flow and reduces the soil movement;

o those of EDF/CNEH computed with the hyperbolic model is close to CEMAGREE’s results,
even if the permeability ratio was increased (k=3ky); the main reason is the completely different
parameter set used in the rockfills.
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o those of CEI of Bucharest are close to Coyne et Bellier’s results, but insufficient information is
provided by the authors on the boundary conditions (because the paper is devoted to theme B2),

The horizontal displacement curves, represented in Figure 13, present no scattering: the maximum
displacement is around 12 cm, except for the results of CEI of Bucharest, which are very close to
ZETO.

The same remarks are also available for sections BB and CC (Fig. 14 and 15), in which it clearly
appears that the origin of the discrepancies comes from the core and that rockfill behaviour is more
similar,

b) end of impounding

Contrary to the construction phase, the vertical displacements (settlements) are more homogeneous

(Yig. 16a). This means that the settlements generated during impounding balance the discrepancies

observed during construction. Figure 16b represents the settlements which occur between the end of

construction and the end of impounding. This figure clearly shows that in the core :

» the incremental vertical displacement computed by CEMAGRETF is settlement, (+15c¢m) because
of the dissipation of pore pressure generated during the construction phase,

¢ asmall up movement is computed by Coyne et Bellier (-7 cm) because of the buoyancy forces
applied in the upstream shoulder,

» alarge up movement is computed by ISMES (-50 cm) because of the buoyancy forces applied in
the upstream shoulder and in the core, but also because of the dilatancy effect due to the
associated flow rule of the Mohr Coulomb model, which amplifies the phenomenon.

The effect of the buoyancy forces applied in the upstream shoulder during impounding is also
clearly readable in Figures 18a and 18b. This normal numerical result is not representative of the
observed rockfill settlements during impounding. No coherent constitutive model is presently
available to deal with this phenomenon properly.

The main discrepancies concern the horizontal displacements (Fig. 17) and especially in the upper
half of the core. Indeed the curves are identical from elevation 35 to elevation 100. But above
elevation 100: : :

e Coyne et Bellier and CEMAGREF obtain very similar bell-shaped curves, with a crest
downstream displacement of 75 to 80 cm and a maximum displacement of 120 c¢m;

e ISMES obtains a very large horizontal downstream displacement at the crest (125 cm), which is
slightly smaller than the maximum displacement (135 cm); this very large crest movement is due
to the assumption of a fully saturated core and to the fact that the mechanical horizontal
hydrostatic pressure is consequently applied on the downstream core face; this is confirmed by
the horizontal displacement curves drawn along line BB, as shown in Figure 19;

e the points provided by CEI of Bucharest are in agreement with the results of Coyne et Bellier and
CEMAGREF, with a slightly larger displacement at the crest (92 cm)

e the horizontal displacements provided by EDF are either half of the values computed by Coyne
et Bellier and CEMAGRET (with the hyperbolic model) or similar in the bottom half part of the
core and surprisingly large (160 cm) at the crest with the Driicker Prager model; in this last case
the curve is no longer bell-shaped; these discrepancies are mainly explained by the different
parameter sets and constitutive model used by the participants.
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¢} end of consolidation

The settlement profiles (Fig. 20a) are similar to those obtained at the end of impounding. The

incremental settlements (Fig. 20b), that occur only during the consolidation phase, correspond:

s either to down movement (positive increment), which is coherent with a dissipation of the
positive excess pore pressure generated during the construction,

e or to up movement {negative increment), which is coherent with the global increase of pore
pressure due to the water inflow, induced by the reservoir impounding - this last computed
movement is in agreement with the measured data.

In Figure 20a the curve computed by Ecole Centrale de Lille has been added. The smallest

settlements could be explained either by the partially coupled approach, which does not take

account of the effect of the skeleton deformation on the pore pressure distribution, or by a different
ratio of permeability (not indicated in the paper);

The discrepancies at the end of impounding already observed on the horizontal displacement curves
are slightly amplified during consolidation (Fig.21a and 21b). The displacement provided by the
Ecole Centrale de Lille is very large at the crest (116e¢m) and the curve is like those provided by
ISMES and EDF/CNEH (with Driicker Prager).

Figure 22 points out the large step obtained by ISMES on the settlement profiles in sections BB and
CC at the downstream core boundary; this results from the assumption of a fully saturated core and
therefore from the hydrostatic mechanical pressure applied on the downstream core face. Another
remark could be made: the settlements in rockfill computed by EDF/CNEH with both constitutive
models are very large (142 cm and 180cm) in the downstream shoulders and larger than those
obtained in the core. The same phenomenon is also observed on the curve in section CC provided
by ISMES.

2.4 Computation time

The computation time was provided by only some of the participants. As shown in table 4, these
times vary from 4° with MATLOC to more than 4 hours with GEFDYN.

Table 4 : Computation time used by each participant

software company Authors Hardware CPU time
GEFDYN Coyne et 0.0zanam, B. Tardieu HP9000/715 4h24’ (MC2D)

Bellier 8h12> (MC 3D)
MATLOC | CEI Bucharest A. Popovici, I. Toma, AT486DX 4’

R. Sarghiuta 33MHz
OMEGA | ISMES-ENEL | G. La Barbera, A. Bani, CONVEX 21
G. Mazza’
S.IC3 CEMAGREF L. Guellouz, S. Bonelli | DEC Alpha 3000 2h47

Vol. I11, 534



3. CONCLUSION

The comparison of the results clearly shows the large influence of the hydraulic boundary
conditions and of the methodology used to modelize impounding.

Available in situ measurements [9,10,11,12] will be used to select the most credible results from the
whole set of results. In particular, the form of the curves along vertical and horizontal sections after
some months of consolidation shows that the large settlement in downstream shoulders does not
exist in situ.

The comparison with in situ measurements is restricted by :

o the assumption of an impervious foundation - in reality, the permeability of the core is of the
order of magnitude of 10 -10"° m/s and the permeability of the rock close to the rock surfaces
is probably of the order of magnitude of one lugeon, which is equivalent to 107 m/s; as a rule, the
rock, even grouted, is less watertight than a clay core; in the next workshop this aspect should be
dealt with-,

e the «striction» of rockfill during impounding, which is not modelized by the present
constitutive models, because the mechanism is not clearly known.

In addition, the monitored section is not the section of maximum height used in the computation.
This has a great influence on the settlements during construction. Figure 24b, which presents the
theoretical settlement curves at the end of construction for the monitored section and for the
computed section, points out that the settlement at elevation 80 in the core can be doubled when the
height of the section varies from 120m to 145m. In order to reduce the effect of the section, the data
measured at the end of construction has been corrected according to the following method.
The extrapolation proposed by O. Ozanam et al. [8] is made on maximum seftlements along a
centre vertical line as a function of embankment height during dam construction (Fig. 24a). Then
the form of the settlement curve along the centre line is assumed to be parabolic. Extrapolated
values put on the figures 12 to 15 are deduced from the parabolic curve at the end of construction
drawn in Fig.24b. At the other stages (impounding and consolidation), the extrapolated settlement
is obtained by adding the extrapolated value at the end of comstruction with the measured
displacement increase after the end of construction.

In any case, the hydromechanical coupling in the core is an important phenomenon which cannot be

neglected. The boundary conditions on the core faces should be :

¢ during impounding, hydrostatic pore pressure on the upstream face and pore pressure set to zero
(and not « excess pore pressure set to zero ») on the upstream face above the water level and on
the downstream face.

¢ during construction, no-flow generates too large an excess pore pressure and too small a
settlement, and pore pressure set to zero induces the contrary result.

The seepage boundary conditions proposed by Coyne et Bellier seem to provide a realistic

intermediate solution.

Concerning mechanical behaviour, the highly dilatant associated Mohr Coulomb model should be
avoided and modified in order to allow a non-associated flow rule by introducing a dilatancy angle
different from the friction angle.

In order to define a reference range of results for this type of analysis, the results of CEMAGREF,
Coyne et Bellier and the Civil Engineering Institute of Bucharest could be considered as the most
credible.
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Third Benchmark Workshop on Numerical Analysis of Dams
Gennevilliers (France) - September 29-30, 1994

Theme B1 :

EVALUATION OF PORE PRESSURE AND SETTLEMENTS
OF AN EMBANKMENT DAM UNDER STATIC LOADINGS
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Undrained triaxial test sample calculated by different Authors
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EXCESS PORE WATER PRESSURE DISTRIBUTION
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SETTLEMENTS PROFILE AT THE END OF CONSTRUCTION PHASE
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COMPARISON OF RESULTS
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COMPARISON OF RESULTS

HORIZONTAL DISPLACEMENTS AT THE END OF CONSTRUCTION PHASE
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COMPARISON OF RESULTS

SETTLEMENTS PROFILE AT THE END OF CONSTRUCTION PHASE
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COMPARISON OF RESULTS

HORIZONTAL DISPLACEMENTS AT THE END OF CONSTRUCTION PHASE
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COMPARISON OF RESULTS
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COMPARISON OF RESULTS

INCREMENTAL SETTLEMENTS: TOTAL SETTLEMENTS AT THE END OF IMPOUNDING -
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HORIZONTAL DISPLACEMENTS AT THE END OF IMPOUNDING PHASE
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COMPARISON OF RESULTS
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COMPARISON OF RESULTS

SETTLEMENTS PROFILE AT THE END OF IMPOUNDING PHASE
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COMPARISON OF RESULTS

INCREMENTAL SETTLEMENTS: TOTAL SETTLEMENTS AT THE END OF IMPOUNDING -
TOTAL SETTLEMENTS AT THE END OF CONSTRUCTION
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COMPARISON OF RESULTS

HORIZONTAL DISPLACEMENTS AT THE END OF IMPOUNDING PHASE
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- COMPARISON OF RESULTS

SETTLEMENTS PROFILE AT THE END OF CONSOLIDATION PHASE
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COMPARISON OF RESULTS

INCREMENTAL SETTLEMENTS: TOTAL SETTLEMENTS AT THE END OF CONSOLIDATION -
TOTAL SETTLEMENTS AT THE END OF IMPOUNDING
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COMPARISON OF RESULTS
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SETTLEMENTS PROFILE AT THE END OF CONSOLIDATION PHASE
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HORIZONTAL DISPLACEMENTS AT THE END OF CONSOLIDATION PHASE
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Comparison of results

3rd-.ICOLD 1994 - STATIC ANALYSIS

Horizontal displacements (cm)

End of Conctruction

Points of the dam section
Authors Utilized models CC CM CL UM DM
S.1.C.3 - CEMAGREF Mohr-Coulomb 0 3 6 -16 20
OMEGA - ISMES Drucker-Pruger 0 10 11 -24 27
MATLOC - U.BUCHAREST Duncan-Chang 0 0 -1 -39 34
GEFDYN - COYNE ET BELLIER Mohr-Coulomb 2D 0 4 8 -18 21
Mohr-Coulomb 3D 0 4 8 -18 21
GEFDYN - EDFCNEH Drucker-Pruger 0 8 14 -7 13
Hyperbolic 0 6 12 -13 6
PECPALS - E.C. LILLE Mohr-Coulomb 0 3 7 -18 19
End of Impounding
. Points of the dam section
- . Authors Utilized models cC CM CL UM DM
S.1.C.3 - CEMAGREF Mohr-Coulomb 77 130 111 2 81
. JOMEGA - ISMES Drucker-Pruger 126 137 104 -2 102
MATLOC - U.BUCHAREST Duncan-Chang 92 120 51 31 91
GEFDYN - COYNE ET BELLIER Mohr-Coulomb 2D 76 116 103 8 79
Mohr-Coulomb 3D 81 120 105 12 81
GEFDYN - EDFCNEH Drucker-Pruger 160 127 101 29 69
Hyperbolic 36 63 58 -15 32
PECPALS - E.C. LILLE Mohr-Coulomb - - - - -
End of Consolidation
Points of the dam section
Authors Utilized models CC CM CL UM DM
IS1.C.3 - CEMAGREF Mohr-Coulomb 77 132 112 2 83
OMEGA - ISMES Drucker-Pruger 136 150 113 -8 127
MATLOC - U.BUCHAREST Duncar'\-Chang 80 116 45 3 87
GEFDYN - COYNE ET BELLIER Mohr-Coulomb 2D 76 117 106 8 80
Mohr-Coulomb 3D 81 121 108 11 82
GEFDYN - EDFCNEH Drucker-Pruger 153 130 114 27 67
Hyperbolic 36 64 60 -15 32
[PECPALS - E.C, LILLE Mohr-Coulomb 116 119 103 26 92
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Comparison of results

Vertical displacements {cm)

End of Conctruction

_F’oints of the dam section

Authors Utilized models CC CM CL OM DM
S.1.C.3 - CEMAGREF Mohr-Coulomb -4 -132 -109 -13 -186
OMEGA - ISMES Drucker-Pruger -19 -199 -148 -36 -45
MATLOC - U.BUCHAREST Duncan-Chang 0 -164 -96 -25 -32
GEFDYN - COYNE ET BELLIER Mohr-Coulomb 2D 0 -161 -131 -14 -16
Mohr-Coulomb 3D 0 -161 -134 -14 -16
GEFDYN - EDFCNEH Drucker-Pruger 0 -160 -130 -42 -b4
Hyperbolic 0 -127 -103 -47 -56
PECPALS - E.C. LILLE Mohr-Coulomb - -163 -122 -8 -18
End of impounding
Points of the dam section

Authors Utilized models cC CM CL UM DM
S.1.C.3 - CEMAGREF Mohr-Coulomb -19 -141 -117 28 -15
OMEGA - [SMES Drucker-Pruger 23 -150 -122 22 -34
MATLOC - U.BUCHAREST Duncan-Chang -9 -153 -108 -26 -41
GEFDYN - COYNE ET BELLIER Mohr-Coulomb 2D 1 -156 -128 21 -12
Mohr-Coulomb 3D 5 -152 -127 22 -12
GEFDYN - EDFCNEH Drucker-Pruger 49 -145 -129 48 -63
‘ Hyperbolic -25 -137 -113 -17 -66

PECPALS - E.C. LILLE Mohr-Coulomb - - - - -

End of Consolidation
Points of the dam section

Authors Utilized models CC CM CL. UM DM
S.I.C.3 - CEMAGREF Mohr-Coulomb -17 -137 -113 28 -15
OMEGA - ISMES Drucker-Pruger 13 -158 -119 22 -26
MATLOC - U.BUCHAREST Duncan-Chang -6 -159 -135 -26 -87
GEFDYN - COYNE ET BELLIER Mohr-Coulomb 2D 0 -156 -127 21 -12
- Mohr-Coulomb 3D 4 -152 -126 22 -12
GEFDYN - EDFCNEH Drucker-Pruger 52 -162 -142 47 -63
Hyperbolic -27 -139 -1156 -17 -66

PECPALS - E.C. LILLE Mohr-Coulomb 11 -123 -79 45 -8
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Comparison of results

Pore Pressure (Mpa)

End of Conctruction

3rd-.ICOLD 1994 - STATIC ANALYSIS

Points of the dam section

Authors Utilized models CC CM CL UM DM
S.I.C.3 - CEMAGREF Mohr-Coulomb - -0.15 0.20 -0.85 -0.85
OMEGA - ISMES Drucker-Pruger 0.00 0.01 0.09 0.00 0.00
MATLOC - U.BUCHAREST Duncan-Chang - - - - -
GEFDYN - COYNE ET BELLIER Mohr-Coulomb 2D 0.01 0.08 0.26 - -
Mohr-Coulomb 3D 0.01 0.08 0.27 - -
GEFDYN - EDFCNEH Drucker-Pruger 0.00 0.25 0.59 0.00 0.00
Hyperbolic 0.00 0.19 0.48 0.00 0.00
PECPALS - E.C. LILLE Mohr-Coulomb - - - - -
End of Impounding
Points of the dam section
Authors Utilized models CcC CM CL um DM
S.I1.C.3 - CEMAGREF Mohr-Coulomb -0.12 0.37 0.52 0.49 -0.72
OMEGA - ISMES Drucker-Pruger 0.00 0.37 0.57 0.48 0.00
MATLOC - U.BUCHAREST Duncan-Chang - - - - -
GEFDYN - COYNE ET BELLIER Mohr-Coulomb 2D -0.06 0.26 0.45 0.48 -
Mohr-Coulomb 3D -0.05 0.27 0.47 0.48 -
GEFDYN - EDFCNEH Drucker-Pruger 0.00 0.33 0.68 0.48 0.00
Hyperbolic 0.00 0.33 0.68 0.48 0.00
PECPALS - E.C. LILLE Mohr-Coulomb - - - - -
End of Consolidation
Points of the dam section
Authors Utilized models ccC CM CL uMm DM
S.I.C.3 - CEMAGREF Mohr-Coulomb -0.12 0.40 0.59 0.49 -0.72
OMEGA - ISMES Drucker-Pruger 0.00 0.49 0.89 0.48 0.00
MATLOC - U.BUCHAREST Duncan-Chang - - - - -
GEFDYN - COYNE ET BELLIER Mohr-Coulomb 2D -0.07 0.24 0.44 0.48 -
Mohr-Coulomb 3D -0.07 0.25 0.46 0.48 -
GEFDYN - EDFCNEH Drucker-Pruger 0.00 0.28 0.62 0.48 0.00
Hyperbolic 0.00 0.25 0.46 0.48 0.00
PECPALS - E.C. LILLE Mohr-Coulomb 0.00 0.31 0.70 0.50 0.00
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Comparison of results
Horizontal displacements (m)
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Comparison of results
Vertical displacements (m)
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Comparison of results
Pore Pressure (Mpa)
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COMPARISON OF RESULTS

INCREMENTAL HORIZONTAL DISPLACEMENTS: TOTAL HORIZONTAL DISPL. AT THE END OF IMPOUNDING -
TOTAL HORIZONTAL DISPL. AT THE END OF CONSTRUCTION
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COMPARISON OF RESULTS
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COMPARISON OF RESULTS

INCREMENTAL SETTLEMENTS: TOTAL SETTLEMENTS AT THE END OF CONSOLIDATION -
TOTAL SETTLEMENTS AT THE END OF IMPOUNDING
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COMPARISON OF RESULTS

INCREMENTAL HORIZONTAL DISPLACEMENTS: TOTAL HORIZONTAL DISPL. AT THE END OF CONSOLIDATION -
TOTAL HORIZONTAL DISPL. AT THE END OF IMPOUNDING
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O/ Preamble:

Analyses presented here correspond to a justification approach of constitutive models and
parameters identification process. The aim of this study is to compare some numerical results
with field measurements, in the case of a well monitored dam, like El Infiernillo dam. We try
lo define the limitations of some modellings, and the interest of other approaches.

Under these conditions, this analysis does not exactly correspond to the theme B, which
concerns essentially the validation approach of numerical models and the couple
user/software. In this case, it's necessary to compare some predictions, obtained with different
software, allowing identical assumptions.
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I/INTRODUCTION:

This paper presents the results of a numerical modelling of the El Infiernillo dam's behaviour,
during its construction, impounding, and consolidation period. This work has been undertaken
at EDF/CNEH, for the third ICOLD Benchmark Workshop on Numerical Analysis of Dams.

3 analyses were performed , using 2 different software:

The 2 first modellings were made with GEFDYN, which has been developed jointly
by EDF/CNEH, COYNE et BELLIER, and ECOLE CENTRALE DE PARIS. In these two
cases, constitutive models were changed in shells, filters, and transitions only. In the first test,
a Drucker-Prager model was used for these materials. In the second simulation, a hyperbolic
model was used. The aim of this comparison was to understand and evaluate the interest of a
non-linear approach.

In the last simulation, we used UDAM, which has been developed by EDF/CNEH and
ENPC/CERMES. This sofware is based on a three-phases approach of the fill material. Air
pressure, water pressure, and displacements are unknown nodal variables, and are calculated
by a coupled approach. This software is well suited to reproduce homogeneous clayey fill
construction. In this first version, a multiphase material and a drained material could be used
together.

For each analysis, more details on material properties, and main assumptions were introduced,
and data about state of stresses, settlements, and pore pressures distribution were computed at
3 points in time: End of construction, end of impounding, and end of consolidation.
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I1.1/ TWO-PHASES COUPLED APPROACH OF STATIC BEHAVIOUR.

In this part, two simulations were made with GEFDYN. In this approach, we assumed the
saturation of soil, especially in core material. So, only two phases were taken into account :

+ A solid part, corresponding to the skeleton of grains. The behaviour of this solid
phase is simulated by a constitutive model presented subsequently.

+ A fluid part corresponding to the free water in soils.

11.1.1/ MESH- BOUNDARY CONDITIONS.

Linear elements with three or four nodes only were used. The final purpose was to simulate
the dynamic behaviour of this dam, so the dimension elements might respect a criterion on the
maximum length. Mesh is shown at figure 1. This final mesh is constituted by 442 volumetric
elements. Other specific elements are used on boundaries: -

+ Paraxial elements under the foundation. These elements are necessary if we want to
absorb waves on the boundary, and avoid the effect of wave reflection on the mesh's limits.

+ Interface elements, between mesh and paraxial elements. These elements present
only numerical function. '

+ Loading elements which allow the application of mechanical sollicitation during the
impounding , on the upstream shell.

IL.1.2/ CONSTITUTIVE EQUATIONS:

Two static approaches were performed with GEFDYN, and only constitutive model of the -
shell materials were modified. The following models have been adopted for each simulation:

+ Core: In these two cases, an elastoplastic model was used to simulate the clay's
behaviour. This model is the HUJEUX model, which has been adopted by COYNE et
BELLIER during the second Bechmark Workshop in Bergamo (1992). All parameters have
been estimated again, with laboratory tests, such as oedometer, and triaxial test. These
parameters are listed in table 1, and fitting of triaxial and cedometer curves have been drawn
on figure 2. '
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a/ Simulation C1

+ In a first approach (Simulation C1), DRUCKER-PRAGER model is used, in shells,
and other parts of the dam.

Initialy, we made an identification of HUJEUX model parameters, for each material, with
laboratory test results. Figures 3 and 4 present some fitting of triaxials tests on shoulder and
filter, made with HUJEUX model, but this last computation of El Infiernillo dam is not
presented here. In this paper, only computations which respect all convergence criteria, will be
analysed. With an elastoplastic model, like HUJEUX model, in shoulders, and particulary in
filters, we met lot of numerical problems, due essentially to large shear strains between filters
and core (Shear strain > 5% locally, in filters and core) and, perhaps, an imperfect modelling
of the contact between core and filters. These shear strains are large when relative stiffnesses
between core and shoulders are very different.

Parameters Core
K 50 MPa
G 23 MPa
n 0,50
() 26°
b4 26°
b 0,80

B 28
Pgi 0,200 MPa
d 1,80
a 0,001
acyc 0,0005
o 1,50
¢ 0,02
Ceve 0,01
m 2
Tiso 0,01
rela 0,01
Thyst 0,08
Imbl 0,30

Table 1: Hujeux model pafa’méters for cléy
The DRUCKER-PRAGER model parameters are the following:

+ The friction angle .

+ The characteristic angle of dilatancy: ‘¥

+ The cohesion which is chosen equal to zero in these granular materials.
+ The Young's modulus E.

+ The Poisson's ratio v.
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These values are defined according to the laboratory results, or to field measurements, such as
settlement and strain, for example. ® and ¥ were chosen with triaxial tests, when the Young's
modulus was defined with settlement measurements in transitions and rockfill shells. The
parameters sets used in this computation, for each material of shells, are given in table 2.

Filters

Parameters Transitions Shoulders
E 250 MPa 65 MPa 35 MPa
v 0,30 0,30 0,30
D 36° 41° 41°
¥ 33° 39° 39°
C 0 0 0

Table 2: Parameters of DRUCKER-PRAGER model. Simulation C1,

In this approach, the rockfill behaviour is essentially elastic and linear, with an unloading
young's modulus which is the same as the loading modulus. We 'll see subsequently, that, with
these asumptions, some results are not acceptable, at the end of consolidation, and during the
impounding. In fact, we could see that during the impounding, an important swelling of
upstream shell may appear.

b/ Simulation C2

+ In a second time, an hyperbolic model was adopted for all materials, without clay
core (Simulation C2). This model has been obtained using specific values for HUJEUX model
parameters. In the original model of ECP, four mechanisms are considered: Three deviatorics
mechanisms, and one isotropic mechanism. In this case, with hyperbolic model, we assume
that isotropic mechanism is not active. Concerning deviatoric mechanisms, the assumptions
are the following:

- No volumetric hardening. The parameter b is taken equal to zero, and the
value of Pc is no longer considered.

- No volumetric plastic strain. We concider that we work in the hysteretic
domain, so there isn't volumetric plastic strain. Irreversible behaviour is reproduced with a
unloading initial modulus which is given by acyc value.

The parameter sets are given in table 3.
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Compacted
Parameters Core Filter Transition and dumped
shoulder
K 50 MPa 90 MPa 75 MPa 30 MPa
G 23 MPa 120 MPa 84 MPa 56 MPa
n 0,50 0 0 0
@ 26° 44° 41° 41°
¥ 26° 44° 39° - 39°
b 0,80 0 0 0
8 28 * * *
Pei 0,200 MPa * * *
d 1,80 * * *
a 0,001 0,002 0,0045 0,006
acyc 0,0005 0,002 0,0045 0,006
a 1,50 * * *
c 0,02 0,0001 0,0001 0,0001
Cove 0,01 0,0001 0,0001 0,0001
n 2 * % L 3
Tiso 0,01 1. 1. 1.
Tela 0,01 0 0 0
Mayst 0,08 1. 1. 1
j rﬂ 0,30 1. 1. 1

Wabole 3: Parameters of the simulation C2, with hyperbolic model.

Figure 5 shows some fitting of triaxial test curves on compacted shoulder, using this

hyperbolic model.

H.1.3/ PERMEABILITY:

Permeabilities in rockfills, and filters, are important, relative to the clay's permeability in the
core. The permeability of clay has been modified between the two approaches. Values used

are in Table 4 and 4.bis:
: : Compacted
material - Core Filter Transition and dumped
: shoulder
kwv(mls) 2.16-10 8.16°3 7.104 7.104
Kwh (m/s) 2.10-10 g.10-5 7.10% 7.104

Table 4: Permeabilities for the C1 simulation.
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Compacted
material Core Filter Transition and dumped
shoulder
kv (m/s) 2.10-10 8.103 7.104 7.104
Kwh (m/s) 6.10-19 8.10°3 7.104 7.104

Table 4 bis: Permeabilities for the C2 simulation.

I1.2/ PARTIALLY SATURATED APPROACH OF CORE BEHAVIOUR.

UDAM sofware makes possible the forecasting of pore pressure increase during construction
of earthfill dam in clay, and permits evaluation of the influence of saturation on this water
pressure evolution. Its used is really justifiable for clayey fills dams, during their construction.

In one aim of validation. it seemed interesting to apply this unsaturated approach to rockfill
dams, and to compare with others sofware results.

The initial version did not allow the simulation of impounding phase. Some modifications
have been introduced during this work, but this new version remain incomplete. Coupled
approach was only used in core. Shell's behaviour was considered uncoupled, so without
water pressure. This limitation should not be forgotten when interpreting results.

Materials may be concidered unsaturated in core, and the effects of suction's variations (which

characterize the difference between air pressure and water pressure) on mechanical and

hydraulic behaviour are taken into account. Different phases are:

e Solid part.

 Fluid part, which is the water. This fluid phase is not necessary continuous in soil, and we
don't apply Bishop's theory of effective stress.

» A gas phase, which correspond to the air.

State variables are the void ratio e, and the degree of saturation Sat. Both variables advance
independently with stress and suction. This assumption was initialy proposed by Mathias,
with the concept of state surfaces. Formulae of each state surface are as follows:
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(1_30)

e= - ——1

[ae_(o—ua) +b{1_ (o—ua_))_(ua —uw)r

o

alm e amm

exp- {
P K, .(1-m)

Sat =1-[a, +b,(c-u, )][1 —exp(—c, (u, - uw))]

gq is the initial void ratio, in saturated conditions, with any stress.
u,: Air pressure.

u,,: Water pressure.

Patn: atmospheric pressure;

¢: Vertical stress.

a., Ky and m influence the compressibility of soil, and may be defined from oedometer test,
on saturated sample.

be characterize the effect of suction, on soil's behaviour.

Oe 1s the swelling stress.

With this concept of state surface, the following phenomena are simulated:

+ Collapse or swelling of soil, under constant total stresses, with variation of suction.
+ Evolution of compressibility, versus suction.
+ Evolution of mechanical properties, like friction angle and cohesion.

Mechanical constitutive model is the hyperbolic DUNCAN law, only for shear strains. In fact,
volumetric deformations are defined by the void ratio state surface, and the hyperbolic model
is only use to compute deviatoric strains. Kb, bulk modulus, and m, parameters of the
DUNCAN's law are not used here.

11.2.1/ MESH-BOUNDARY CONDITIONS.

UDAM use, actually, only linear elements with four nodes. It's not possible to introduce
triangles. Mesh is shown figure 6, and is constituted of 611 nodes and 552 elements.

There are two kind of materials for one modelling like this. Only core was considered
unsaturated, and we used for this clay the three-phase approach. The other materials have a
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great permeability, and may be simulated by an uncoupled modelling. In rockfill and filters,
we did not take into account this coupling. For these granular materials, the constitutive model
was DUNCAN's law, with all parameters.

During construction, we must initialise suction on each layer. Like atmosphenc pressure is
taken as a reference, initial water pressure is lesser than zero.

Boundary conditions, essentially for unsaturated soil, are not easy to define. We must impose,
around the core, some conditions about water pressure and air pressure, durmg construction,
and, what is more difficult, during impounding.
+ Construction: Air pressure is zero on the core's limits;
a ' Water pressire:
No flow through limits 1f this pressure is lesser than zero.
Water pressure is after imposed to zero.

Air pressure is equal to water pressure under the reservoir's level.
In this case, suction is null.
On the other boundanes air pressure is zero.
- Water pressure: '
water level on the upstream face.
Same conditions as during contruction, on the other limits.

+Impounding:

. 11.2.2/ SOIL PARAMETERS:

All parameters for each soil, are presented in table 5 and table 6, state surfaces are shown
ﬁgures 7 and 8.

Void ratio e ;PN be Kp Ce m
state surface 0,61 0,9 0,57 68 kPa 300kPa 0,5
Degree of saturation ag by Cg
state surface 1,0 -1.107 1 1.0 106

Table 5: state surface pa:a1heters
These parameters may be defined from oedometer tests, with suction control. As we did not
have any data about unsaturated behaviour of clay's core, we used the following approach:
ePlasticity index: Ip=20 to 30.

For identical material with Ip=24, we may keep, for optimum Proctor water content, a succion
of 170 kPa. w=wopt =—=> Suc=170 kPa.
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For this soil, optimum Proctor water content is about 17,4%. There is a good agreement
between El Infiemillo clay and this material, since they have an identical liquid limit, about
40 %. We assume that wopt=17,4%.

The average initial water content in core was about 19,3%, so clay was deposited with a
water content equal to w=wopt+2, and an average degree of saturation of 94 to 95%.

Initial void ratio was about 0,55.

With these data, we could define some state surface parameters, which might respected the
following conditions: '

With precedent parameter set, we obtain:

_ Shouders, compacted

Materials Core - Filter Transition and dumper
Kioad 50. 1800 330 T80
Kunload T00. 3600 660 360
n 7,65 0,30 050 3,50
25° YT e e
C 20 kPa 0 0 0
Ky ~Sttesuface | 1200 ~ 400 30
m — State surface 0,3 | 0,5 0,6
R 0.80 0.7 o |07

Table 6: Mechanical parameters

I5L.2.3/ PERMEABILITY:

With the three phase approach, two permeabilities have to be introduced; One for air flow,
and another for water flow. Like mechanical properties, these permeabilities vary with the
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state of soil, so, with void ratio and degree of saturation. These evolutions are expressed by
the two following formulae:

Sar-S,, Y
Water permeability: X, = A.lo“[u)

1-S.
Air permeability: K, = BY<[e(1-San)[*
L

a

A and o characterize the water permeability when soil is saturated.
Spu 1s the residual saturation.

Ya> and g are air density and air viscosity.

B and ¢ characterize the air permeability evolution.

With following values, water permeability is about 10-10 m/s, but vary with the degree of
saturation, and void ratio.

A=9.10-12
o=3.

Sruzo-

B=2.10-7
=3,

Ratio kwh/kwv is equal to 3.5,
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Figure 1: Finit element mesh used with GEFDYN software.
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Figure 2a: Core: Undrained triaxial tests simulations on clay.
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Figure 2b: Core: Oedometer simulation on clay
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Figure 3a: Filters: Triaxial tests simulations
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Figure 3b: Filters: Triaxial tests simulations.
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Figure 4b: Dense rockfill : Triaxial tests simulations
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Figure 5a: Dense rockfill : Triaxial tests simulations with hyperbolic model.
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Figure 5b: Dense rockfill : Triaxial tests simulations with hyperbolic model.
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EL INFIERNILLO Dam -STATIC ANALYSIS

Points of the Dam section
CcC CM CL UM DM
End of construction 0 + 8. + 14. -7. +13.
End of Impounding + 160. +127. + 100. + 29. + 69.
End of Consolidation + 153. + 130. + 114. + 27. + 67.
Horizontal Displacements (102 m )
Points of the Dam section
CcC CM CL UM DM
End of construction 0 - 160. -130. -42. -54
End of Impounding +49. - 145. - 129. + 48. - 63.
End of Consolidation +52. -162. - 142. +47. - 63.
Vertical Displacements (102 m)
CcC
7 AAANMNANNS
TOS \ 77 1] VIS NN S
IO NSNSS A T T SOS S S SN
e s \{{@/ /1 [1 \‘ \\ \\ X\Xl)/\§/</// Il \\\\
Table 3

Static Analysis

GENERAL SUMMARY : RESULTS OF DISPLACEMENTS AFTER EACH PHASE
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MODELLING CI

+ Software: GEFDYN
+ Two-phase coupled approach.
+ Constitutive models:
Core: Elastoplastic model. HUJEUX.
Filter: Elastic-Plastic model: DRUCKER-PRAGER
Transition: Elastic-Plastic model: DRUCKER-PRAGER
Compacted shoulder : Elastic-Plastic model: DRUCKER-PRAGER

Loose shoulder : Elastic-Plastic model: DRUCKER-PRAGER

Vol 1II, 601



V max = 2.00

€09 I I°A

MPa

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

2.00

End of Construction

PORE PRESSURES DISTRIBUTION
ZOOM ON THE CORE REGION

EL INFIERNILLO Dam -STATIC ANALYSIS

MPa
\') max = 1.60

0.00
+ 0.16
| 0.32
0.48
0.64
0.80
0.96
1.12
1.28

1.44

1.60

End of Impounding

MPa
V max = 1.30
0.00

0.14

0.28

0.42

0.56

0.70

0.84

0.98

1.26

1.40

End of Consolidation



VERTICAL STRESSES DISTRIBUTION

EL INFIERNILLO Dam -STATIC ANALYSIS

End of Construction

VS ” MPa D/S

Ozzmax=5.4MPa

End of Impounding

U/S MPa D/S

0 0.4 0.8 1:2 1.6 2.0 2.4 2.8 3.2 3.6 4.0

End of Consolidation

u/S " MPa D/S

0 04 08 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0




HORIZONTAL STRESSES DISTRIBUTION

EL INFIERNILLO Dam -STATIC ANALYSIS

End of Construction

U/s MPa D/S

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

End of Impounding

D/S

oyymax=1.7MPa

End of Consolidation

U/sS MPa D/S

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 20y 11, 605




SHEAR STRESSES DISTRIBUTION

EL INFIERNILLO Dam -STATIC ANALYSIS

End of Construction

U/sS MPa D/S

4.0 3.6 3.2 2.8 2.4 2.0 1.6 1.2 0.8 0.4 0

End of Impounding

U/S MPa D/S

4.0 3.6 3.2 2.8 2.4 2.0 1.6 1.2 0.8 0.4 0

End of Consolidation

u/s | MPa D/S

4.0 3.6 3.2 2.8 2.4 2.0 1.6 1.2 0.8 0.4 0




EL INFIERNILLO Dam

Points of the Dam section
cC CM CL UM DM
End of construction 0 + 6.1 +12.3 -13.9 +5.5
End of Impounding + 36.5 + 62.6 + 58.0 -15.1 +32.0
End of Consolidation + 35.6 +63.7 + 59.7 -14.7 + 32.1
Horizontal Displacements (102 m )
Points of the Dam section
CcC CM CL UM DM
End of construction 0 -126.7 -103.5 -46.6 -56.1
End of Impounding 24.6 -137.0 | -113.2 | -16.8 -65.9
End of Consolidation -27.0 -139.5 -115.4 -17.0 -66.0
Vertical Displacements (102 m )
CcC
7 /A4 ‘\XX\.
o M
AR AVAN T 1A AN N
P S W COSS S 7 T\
7 \
o T NSO S T TN N
7\ \ N\ NS
Table 3

Static Analysis

GENERAL SUMMARY : RESULTS OF DISPLACEMENTS AFTER EACH PHASE
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RESULTS

MODELLING C2

+ Software: GEFDYN

+ Two-phase coupled approach.

+ Constitutive models:
Core: Elastoplastic model. HUJEUX.
Filter:Hyperbolic model
Transition: Hyperbolic model.
Compacted shoulder : Hyperbolic model.

Loose shoulder : Hyperbolic model.

Vol I11, 611



dx (cm) *

EL INFIERNILLO Dam

140

120

100 7

1V

L

40 v4

20
0 —
-100 0 +100 X (m)
dx (cm)*
150
120 VA\
90 \\
60 } \\
30 ,/ \\
0 / \\ i
oo ~100 0 +100 +200 +300  y (m)
A
B
/ . c
c~ . : -EL 80
— AN
D/S

u/s

Static Analysls

TEMPLATE FOR THE HORIZONTAL DISPLACEMENTS

AT THE END OF THE CONSOLIDATION PHASE
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EL INFIERNILLO Dam

(HAN 1

40 N
80

120 /

160 =
200
240
280 —
dy (cm) *-100 0 +100  x (m)

P N T
\\ /

\ ™ /

120 \'/\ 7
160 \//
200 —
dy (cm) +-2oo -100 0 +100 +200 +300  y (m)
A
B
¢ c\-El. 80
\L . /
X D/S
u/s &

Static Analysis

TEMPLATE FOR THE SETTLEMENTS
AT THE -END OF THE CONSOLIDATION PHASE
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EL INFIERNILLO Dam
y (m)

El. 180

El. 150

El. 125

El. 100

El. 75 /
El. 50 /

<

El. 35 o
0O 20 40 60 80 100 120 140 160 180 200 dx (cm)
A
B -
c/_/ C_ mso
DIS

u/s

Static Analysis

TEMPLATE FOR THE HORIZONTAL DISPLACEMENTS
AT THE END OF THE CONSOLIDATION PHASE
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EL INFIERNILLO Dam

y (m) +

El. 180

El. 150 AN

El. 125

El. 100

EL. 75 /

El. 50 /

El 35 —
0 25 50 75 100 125 150 175 200 225 250 dy (cm)

%
. — ElL 80

) i

v

Static Analysis

TEMPLATE FOR THE SETTLEMENTS
AT THE END OF THE CONSOLIDATION PHASE
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PORE PRESSURES DISTRIBUTION
Z0OOM ON THE CORE REGION

EL INFIERNILLO Dam -STATIC ANALYSIS

MPa | MPa MPa
V max =1.30 V max = 1.40 V max =1.30
0.00 0.00 0.00

0.14 0.15 0.13

0.28 0.30

0.26

0.42 0.45 0.39

0.56 0.60 0.52

0.70 0.75 0.65

: 0.84 0.78

§ 0.90

1.05 0.91

1.12 1.20 1.04
1.26 1.35 1.17
1.40 1.50 1.30

End of Construction End of Impounding End of Consolidation



VERTICAL STRESSES DISTRIBUTION

EL INFIERNILLO Dam - STATIC ANALYSIS

End of Construction

U/S MPa D/S

0O 04 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0

End of Impounding

uss - MPa D/S

0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0

End of Consolidation

U/S MPa D/S

Ozzmax=3.7MPa
Vol. 111, 614




HORIZONTAL STRESSES DISTRIBUTION

EL INFIERNILLO Dam - STATIC ANALYSIS

End of Construction

U/S MPa D/S

oyymax=1.2MPa

End of Impounding

us MPa D/S

oyymax=1.5MPa

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

End of Consolidation

15
s o A RN TR A X

U/S MPa D/S

oyymax=1.5MPa
Vol. I11, 615




SHEAR STRESSES DISTRIBUTION

EL INFIERNILLO Dam - STATIC ANALYSIS

End of Construction

uss | MPa D/S

Qmax=3MPa

End of Impounding

u/sS MPa D/S

Qmax=3.3MPa

End of Consolidation

uss ~ MPa D/S

4.0 .

36 32

Qmax=3.3MPa
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EL INFIERNILLO Dam
y (m)

El. 180

EL. 150 ' \
EL 125 \

El. 100

EL 75 4

El. 50
El. 35 —

0 25 5 75 100 125 150 175 200 225 250 dy (cm)

B
C c\-EI. 80
N /
‘ X D/S

u/s A

Static Analysis

TEMPLATE FOR THE SETTLEMENTS
AT THE END OF THE CONSOLIDATION PHASE
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EL INFIERNILLO Dam

y (m) +

El. 180 \

El. 150

El. 125 \

El. 100
EL 75 /
El. 50 //
El. 35 / —
0 20 40 60 80 100 120 140 160 180 200 dx (cm)
A
c\-El. 80
X D/S
u/S A

Static Analysis

TEMPLATE FOR THE HORIZONTAL DISPLACEMENTS
AT THE END OF THE CONSOLIDATION PHASE

Vol. 11, 618



30 \

60 \ //

90 \
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150
180
210 —
dy (cm) *-100 0 £100  x (m)

EL INFIERNILLO Dam

o Vi
\\ //

% ~ /

120
\/

160
200 —
dy (cm) +-2oo -100 0 +100 +200 +300 (m)
A
B EL 120
\ c\-El. 80
d
D/S

X
u/s A

Static Analysis

TEMPLATE FOR THE SETTLEMENTS
AT THE END OF THE CONSOLIDATION PHASE
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EL INFIERNILLO Dam
dx (cm) *

70

60

50

40

30

20

oL/

-1oo/ 0 +100 x (m)

dx (cm) *

100

80

60
N
40 ™~

20 / \\

_>
-200 -100 0 +100 +200 4300y (m)
/
A
B
/_/c/_/ C\-EI. 80
X D/S
urs A

Static Analysls

TEMPLATE FOR THE HORIZONTAL DISPLACEMENTS

AT THE END OF THE CONSOLIDATION PHASE
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RESULTS

MODELLING C3

+ Software: UDAM
+ Three phase coupled approach.
+ Constitutive models:
Core: State surfaces and Duncan's model for mechanical behaviour.
Filter: Duncan's model.
Transition: Duncan's model.
Compacted shoulder : Duncan's model.

Loose shoulder : Duncan's model.

Vol III, 621



RESULTS

MODELLING C3

+ Software: UDAM
+ Three phases coupled approach.

+ Constitutive models:

Core: State surfaces and Duncan's model for mechanical behaviour.
Filter: Duncan's model.

Transition: Duncan's model.

Compacted shoulder : Duncan's modei.

Loose shoulder : Duncan's model.
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EL INFIERNILLO Dam

Points of the Dam section

CC CM CL UM DM
End of construction 0 +7.0 +14.0 -67.0 + 67.0
End of Impounding +25.0 +34.0 + 39.0 - 36.0 + 80.0
End of Consolidation +28.0 +41.0 +41.0 - 38.0 + 86.0

Horizontal Displacements (102 m )

Points of the Dam section

CcC CM CL UM DM
End of construction 0 -160.0 | -120.0 -13.0 +2.0
End of Impounding -8.0 -169.0 -133.0 -52.0 +4.0
End of Consolidation -7.0 -165.0 | -125.0 | -52.0 +5.0

Vertical Displacements (102 m )

AN OO
ANV TS —— T\

YA \ NN N\HA

Table 3

Static Analysis

GENERAL SUMMARY : RESULTS OF DISPLACEMENTS AFTER EACH PHASE

UD AM UDAM v8.0B

Construction Simulation of Earthfill Dams

MAGNIN Philippe 1994 Simulation U8_148.B

Vol 111, 623




EL INFIERNILLO DAM

TEMPLATE FOR PORE PRESSURES DISTRIBUTION

Zoom on The Core Region

~-74789.0 — -80121.1
22412.9 84851.0
119614.9 — 249823.1
216816.8 — 414795.2
314018.7 — 579767 .3
411220.6 744739.4
508422.6 909711.6
605624.5 1074683.7
702826.4 1239655.8
800028.4 1404627.9
897230.3 — 1569600.0

V Min = -74789.0
V Max = 897230.3

V Min = -80121.1
V Max = 1569600.0

-529.
156483.
— 313496.

1
8
7
470509.6
- 627522.6
784535.5
941548.4
1098561.3
1255574.2
— 1412587.1

1569600.0

VMin= -529.1
V Max = 1569600.0

End of construction End of impounding End of consolidation
(step : 105 time = 449 j ) (step : 105 time = 838 j ) : 105 time = 1370 j )
GRAPHEVIEW v6.0 UD AM UDAM v8.0B
Simulation of Earthfill
MAGNIN Philippe 1994 Simulation US_152.B

Vol. III, 624




EL INFIERNILLO DAM

HORIZONTAL STRESSES DISTRIBUTION
Dam And Foundation

21000.00
— 187301.88
[— 353603.76
— 519905.64
[— 686207.52
[— 852509.40
o — 1018811.28
— 1185113.15
— 1351415.03
1517716.91
— 1684018.79

VMin= 21000.0
VMax = 1684018.8

End of construction
(step : 105 time = 449 3 )

-919097.19
-631737.01
-344376.82
-57016.64
330343.55
§17703.73
805063.92
1092424.10
1379784.29
|— 1667144.47
~— 1954504. 65

VMin= -919097.2
V Max = 1954504.7

End of impounding
(step : 175 time = 838 j )

— -919059.48
— -622159.49
— -325259.50
— -28359.50
—  268540.49
—  565440.48
862340.48
1159240. 47
— 1456140.46
— 1753040.45
'~ 2049940.45

V Min = -919059.5
V Max = 2049940.4

End of consolidation
(step : 360 time = 1370 j )

GRAPHEVIEW v6.0 UDAM v8.0B

UDAM

Simulation of Earthfill Dams

MAGNIN Philippe 1994 Simulation U8_152.B

Vol. 111, 625




EL INFIERNILLO DAM

VERTICAL STRESSES DISTRIBUTION
Dam And Foundation

42000. 00
484656.63
927313.26

1369969.89

VMin= 42000.0
V Max = 4468566.3

End of construction
(step : 105 time = 449 j )

~— -614052.11
— -81965.96
~— 450120.20
— 982206.35
1514292.51
— 2046378.67

3642637.14
4174723.29
— 4706809.45

VMin = -614052.1
V Max = 4706809.4

End of impounding

(step : 175 time = 838 j )

-614051.89
-110212.91
393626.07
897465.05
— 1401304.03
— 1905143.01
2408981.99
2912820.97
3416659.95
— 3920498.93
— 4424337.91

V Min = -614051.9
V Max = 4424337.9

End of consolidation
(step : 360 time = 1370 3§ )

GRAPHEVIEW v6.0 UDAM v8.0B

UDAM

Simulation of Earthfill Dams

_ MAGNIN Philippe 1994 Simulation US_152.B

Vol. 111, 626



EL INFIERNILILO DAM

TEMPLATE FOR PORE PRESSURES DISTRIBUTION
Dam And Foundation

-74788.99

22412.94
119614.86
216816.79
314018.72
411220.64
508422.57
605624.50
702826.42
800028.35
897230.28

V Min = -74789.0
VMax = 897230.3

et

End of construction
(step : 105 time = 449 j )

— -80121.12
—  84850.99
— 249823.11
~ 414795.22
— 579767.33
—  744739.44
B —  909711.55

S 1074683.66
— 1239655.78
— 1404627.89
— 1569600.00

VMin = -80121.1
VMax = 1569600.0

End of impounding

(step : 175 time = 838 j )

-529.08
156483.83
313496.74
470509. 64
627522.55
784535.46
i— 9a1545.37
— 1098561.28
— 1255574.18
— 1412587.09
— 1569600.00

VMin= -529.1
VMax = 1569600.0

End of consolidation
(step : 360 time = 1370 j )

GRAPHEVIEW v6.0 UDAM v8.0B

UDAM

Simulation of Earthfill Dams

MAGNIN Philippe 1994 Simulation U8_152.B

Vol. 111, 627



EL INFIERNILLO DAM

VERTICAL DISPLACEMENTS DISTRIBUTION
Dam And Foundation

~1.63
~1.46
-1.29
-1.12
-0.95
-0.78
-0.60
-0.43
-0.26
-0.09

0.08

End of construction
(step : 105 time = 449 j )

-1.70
-1.53
-1.35
-1.17

SRR s,

M,
B

End of impounding
(step : 175 time = 838 § )

-1.69
-1.51
-1.33
-1.16
-0.98
-0.81
-0.63
-0.46
-0.28
-0.10

0.07

S

o Gl '%«u\-mw&,‘wm

End of consolidation
(step : 360 time = 1370 j )

GRAPHEVIEW v6.0 UDAM v8.0B

UDAM

Simulation of Earthfill Dams

MAGNIN Philippe 1994 Simulation U8_152.B
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EL INFIERNILLO DAM

HORIZONTAL DISPLACEMENTS DISTRIBUTION
Dam And Foundation

-0.82
-0.64
-0.47
-0.30
-0.12
0.05
0.23
0.40
0.58
0.75
0.92

End of construction
(step : 105 time = 449 5§ )

-0.54
-0.38
-0.22
-0.06
0.10
0.26
0.42
0.58
0.74
0.90
1.06

End of impounding

(step : 175 time = 838 j )

-0.55
-0.38
-0.22
~0.05
0.12
0.28
0.45
0.61
0.78
0.94
1.11

End of consolidation
(step : 360 time = 1370 j )

GRAPHEVIEW v6.0 UDAM v8.0B

UDAM

Simulation of Earthfill Dams

MAGNIN Philippe 1994 ~ Simulation US_152.B
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Two kinds of approachs have been retained in this work, that are analysed and discussed
separately.

V.1/ TWO-PHASE APPROACH

V.1.1/ Two-Phase approach- Settlements.

With two first simulations with GEFDYN, we wanted to evaluate the interest of a non linear

modelling in shells, and essentially during impounding. This phase corresponds with an
unloading path for soil, and it seems necessary to take into account two different modulus, on
loading and unloading. Some results about settlements show this importance. In fact, if we
compare settlements on crest, we establish that, in the first case with an elastic-plastic model
such as Drucker-Prager, at the end of impounding, an important swelling appears. At this
moment, settlement on crest (Point CC) is about +52 ¢cm. On the contrary, with the non linear
approach, this settlement is only -27 cm. Of course, initial modulus are not the same, so it's
difficult to compare. But, it seems that the non linearity is essential, even if this modelling is
not sufficient to obtain a correct vertical displacement during impounding. A lessening of
modulus, or/and friction angle, seems to be a solution, to take into account the alteration and
compressibility of wet rockfill.

These remarks are the same about horizontal displacement, which are lesser with the
hyperbolic approach. In the first simulation (C1 Drucker-Prager in shells), the maximum
horizontal movement is in crest, about 1,60m at the end of impounding. It's an excessive value
which may not be acceptable. On the contrary, with the non linear model (C2), this greater
horizontal settlement is in core (Point CM), and is about 63 cm at the end of consolidation. On
crest, this movement is only about 36 cm.

All these results show that it's essential to simulate rockfill and, of course, clay, with a non
linear model.

V.1.2/ Two-phase approach- Stresses.

Vertical stresses and horizontal stresses are shown for every simulation, at different times
such as the end of construction, end of impounding, and end of consolidation period. We
established that there are strong stresses at base of the dam, in filters and transitions. These
stresses are due to a transfer load between the core and the shoulder, and it depends on the
relative stiffness of core and rockfill.
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In fact, with the DRUCKER-PRAGER model, filters and rockfills are less deformable, and
concentration of stresses is important. We obtained, at each time:

+ End of construction: 5,=5,4 MPa and cy,=1,5MPa, on the dowstream face of the
core. On the upstrcam face, state of stresses are also strong, but decreased during the
impounding.

+ End of impounding: 6,=5,5 MPa and 6,=1,7 MPa, on the downstream face.
+ End of consolidation: ,~5,5 MPa and cy=1,6 MPa, on the downstream face.
In the second simulation, with the hyperbolic model, strains are better simulated, and contrast

of rigidity seem less important, in this case, between filters, shoulders, and core. Stresses are
lesser than in the first simulation,and are the following:

+ End of construction: 5,=3,8 MPa and 6,=1,2MPa, on the dowstream face of the
core.

+ End of impounding: 5,=3,6 MPa and 6,~1,5 MPa, on the downstream face.
+ End of consolidation: 6,=3,7 MPa and 0y=1,5 MPa, on the downstream face.

Shear stress was also presented, in the two approaches. In the two cases, this stress was
maximal at the end of impounding, on the downstream face, at the base of core. With an
elastic-plastic approach, maximum shear stress was about 4,3 MPa, whereas with the
hyperbolic model, maximum shear stress was about 3,3 MPa. This stress evolution may be
explained by the modification of relative striffness between core and shoulders.

V.1.3/ Two-phase approach - Pore pressures.

For these two simulations, clay was considered saturated initially. Material properties in core
are identical in both cases, and only permeabilities are modified. In the C1 approach, with
DRUCKER-PRAGER, permeability is isotropic, and equal to 2.10-10m/s. On the contrary,
during the second computation, this permeability isn't isotropic, and the ratio between
horizontal and vertical values is about 3, with a vertical permeability equal to 2.10-10m/s.

If we compare maximum pore pressure value at the end of construction, we obtain:

+ Uymax=2,00 MPa in C1 simulation.
+ Uymax=1,30 MPa in C2 simulation.

This difference between these values may be explained by two factors:

+ The modification of permeabilities. It seems to be the major factor.
+ Evolution of transferred load between core and shoulders.
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At the end of consolidation, 5 years after impounding, pore pressures are equal to 1,3 MPa
V.1.4/ Conclusion about this two-phase approach:

From these two simulations, it seems that some improvements are necessary to represent
correctly the behaviour of rockfill dams, during their construction, but essentially during their
impounding. In fact we have shown that a non linear approach, using an elastoplastic
constitutive model with hardening, is necessary in core, but also in shoulders.

If we use a linear model in shoulder, we have established that excessive swelling appears
during the impounding. This phenomenon is due to:

« No lessening of young modulus, due to alteration of rockfill, and "lubrication" of particles
in shelis.

» No collapse due to saturation in clay. We apply the effective stress principle, and during
impounding, effective stress must decrease, hense the appearance of swelling. This
phenomenon of collapse during saturation is take into account by the ultimate approach,
with UDAM software.

However, it's important to specify that, with a non linear constitutive model, such as an
elastoplastic model with hardening, numerical convergence criteria are difficult to reach.
Some important shear strains appear in filters and core, on the boundary between these two
materials, and many iteration steps are necessary to reach a acceptable result.

V.2/ PARTIALLY SATURATED APPROACH

A three-phase coupled simulation of soil is unusual. It 's adapted to unsaturated soils, with a
degree of saturation lesser than 95-97%, when the water phase is not continuous , and when
air and water flow simultaneously in soil. UDAM has been initially developed to evaluate
safety of clayey fills, after MIRGENBACH's failure in 1982. It forecasts pore pressure
increase during construction of this kind of dam, and gives an estimation of safety factor.

By an adapted simulation of unsaturated soil behaviour, we hope to find again some
phenomena which appear during dam construction (Excessive water pressure increase in
clayey fills) and settlements during the impounding. These settlements are due to saturation of
soils and collapse of skeleton. This collapse can not be simulated by classical BISHOP's
theory, but it may be obtained with a correct state surface.

Others phenomena are simulated, like the evolution of mechanical properties with suction.
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This approach is recent and is still in qualification procedure actually, but recent works
(Mirgenbach, La ganne....) give some interesting results, about effects of water content during
construction, speed of construction, and permeability on the safety factor.

However, two kinds of difficulties exist today, in the actual version of UDAM:

+ Choice of boundary conditions which change during construction and impounding.
These conditions concern water pressures and air pressures.

+ Behaviour modelling when we reach a strong degrec of saturation, near total
saturation and when gas phase is non continuous.

v.2.1/ Partially saturated approach - Settlements.

The three-phase simulation was only made in core, and an uncoupled approach was used to
simulate shell's behaviour. This was a first approach, since we didn't use a coupled approach
in upstream shells. Displacement toward the upstream is probably not correct during the
impounding, but the aim of this approach was to analyse the core behaviour during this phase,
and during construction.

Vertical settlements at the end of consolidation are about 1,60 m in the core, with an
horizontal displacement about 40 cm.

V.2.2/ Partially saturated approach - Stresses.

As in the two-phase approach, we observed a siress concentration around the core, at its base.
At the end of construction, the maximum vertical stress was about 4,4 MPa, and the horizontal
stress was about 1,7 MPa. These values are in good agreement with previous simulations. At
the end of consolidation, maximal vertical stress was about 4,4 MPa in the downstream filter.

V.2.3/ Partially saturated approach - Pore pressures.

We are going to give water pore pressure values at three points in time, and we will present
some phenomena which appear during the impounding.

At the end of construction, the maximum pore pressure in core was about 0,9 MPa, lesser than
in previous modellings. In this case, permeability is anisotropic, with a ratio of 3.5, with a
vertical value about 2.10-19m/s, which varies versus saturation and void ratio. At the end of
construction, this maximum value was about 1,30 MPa, in good agreement with previous
results.

If we analyse air pressure evolution, and saturation variation in core during impounding, we
establish the following phenomena:

+At the end of construction, the core is essentially saturated, with a saturation varying
between 92,9%, in the last layer, and 100% in the lower part of core.
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"+ At this moment, air pressure is about 0,86 MPa.

+ During impounding, such as suction is null along the upstream core's limit, air -
permeability is low (about 10-13m/s). With the effect of water pressure increasing, air
pressure increases locally, and this air moves slowly toward the downstream face. As air
pressure increases, suction also increases, and, in some parts of the core, we may establish a
lessening of saturation.

All these phenomena must be subsequently analysed and further developements are necessary
to understand and to confirm these constatations.

V.2.4/ Conclusion about the three-phase approach:

The study of El Infiernillo dam is an opportunity to validate and apply UDAM to a rockfill
dam. The actual version of this software is provisional, and many improvements remain to do.
Some difficulties have been met during this approach, due to the simulation of shells
behaviour, and boundary conditions during the impounding. However, some intcresting
results were obtained, during construction, and impounding, and they must be subsequently
analysed. We think that is a good test to compare this new three-phase approach with other
modellings and software.
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Third Benchmark Workshop on Numerical Analysis of Dams
Gennevilliers (France) - September 29-30, 1994

Theme B1 :

EVALUATION OF PORE PRESSURE AND SETTLEMENT
OF AN EMBANKMENT DAM UNDER STATIC LOADINGS

GEFDYN ANALYSIS
0.0ZANAM, B. TARDIEU

Coyne et Bellier, Bureau d’Ingénieurs Conseils
9, Allée des Barbanniers - 92632 Gennevilliers CEDEX

This contribution to the theme B1 of the Third Benchmark Workshop on Numerical Analysis
of Dams by Coyne et Bellier presents a coupled solid/fluid analysis of the contruction and
impounding phases of the selected El Infiernillo embankment dam using the finite element
software GEFDYN [1]. It provides results in terms of effective stresses, pore pressure and
settlements/displacements. Two applications have been performed in order to evaluate the
influence of the initial degree of saturation (in practice the in situ water content of the
material) and the influence of the numerical implementation of the Mohr Coulomb model in
the code.

1. MAIN ASSUMPTIONS

The assumptions proposed in the benchmark data have been taken into account :

o the mesh used has not been modified,

¢ the bedrock is assumed to be rigid and impervious,

¢ the material properties of all materials have been set to the given data (see table 1 of
B1 specifications),

¢ the three load cases have been modelized : construction phase followed by a 5-
month consolidation period, reservoir impounding and consolidation to reach the
steady state.

Additional assumptions have been adopted :

e only the behaviour of the core has been simulated with the coupled solid/fluid
model; the other parts of the dam are presumed to be perfectly drained (because of
the high contrast between permeability in the core and the filter);

¢ the initial degree of saturation in the core has been set to 1. (in saturated case) or to
the given value (0.96). According to non-saturated triaxial tests performed in
France, the corresponding water suction (i.e. negative pore pressure) has been
chosen equal to 0 Mpa or to -0.3 Mpa;

e seepage boundary conditions have been assumed on the upstream and downstream
faces of the core;
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e a very small cohesion value (1 kPa) has been introduced for all materials; it is
reasonable and it improves the numerical behaviour of the algorithm;

s the constitutive model for all materials is the Mohr Coulomb model with linear
elasticity.

2. NUMERICAL FEATURES

Continuous medium equations

The coupled numerical model is based on Terzaghi and Biot theories and on the principle of
effective stresses [1,2,3]. The main equations of this model are given here in the continuum
mechanics convention (traction is positive) :

e the total equilibrium balance equation:
DIVo +F,,=0
should be combined with the principle of effective stresses : 6 = ¢’ - S(p) p I and with the
constitutive model which provides the relation between the effective stress rate and the
strain rate;

e the balance equation of the fluid mass gives a relation between the inwards and outwards
flows :
8 (n S, py) +div (p, V) =0
the first term corresponds to the rate of storage and it is influenced by the compressibility
of water (assumed to be constant here), the rate of degree of saturation, and the rate of
porosity, and the generalized Darcy law may be introduced in the last term :

V=-K(S, .grad (p +p, gX)

Numerical formulation for space and time discretization

For the numerical implementation in the finite element software GEFDYN [1,2}:

o the shape functions are the same for the displacement and pore pressure unknowns;

¢ an implicit integration scheme is used for the global equations;

e the obtained non linear system of algebraic equations must be solved at each time-step by
using an iterative scheme, decomposed into a predictor stage and corrector stage; this
scheme is based on a modified Newton method (elasticity auxiliary matyix);

s convergence criteria should lead to the mechanical equilibrium requirement and to the
conservation of fluid mass (these criteria are : the correction of global displacement (or
pore pressure) norm is smaller than 1/1000 of the initial value, and the global mechanical
and hydraulic desequilibrium norm is smaller than 1%).

Seepage boundary conditions

To deal with the variations of the reservoir level and with the potential seepage on the
downstream face of the core, specific hydraulic interface finite elements have been used in the
present application. Their numerical implementation, based on a penalization method, is
_precisely described in [4,5]. With these elements, the software is able to automatically change
the boundary condition type (imposed pore pressure or imposed flow conditions) in
accordance with the water level outside the core and the water table inside the core.
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Mohr Coulomb formulation

As mentioned above, two different numerical implementations of the Mohr Coulomb model
have been used : a 2D version, in which the principal stress normal to the 2D plane is
supposed to be always the intermediate principal stress, and a 3D version, in which the
discontinuous geometry of the yield surface is modelized with a multi-mechanism approach.
The 2D version uses the principal stress invariants with smoothing of the Coulomb hexagon.
The 3D version declares the plastic strain rate as a superposition of the contribution from each
plane in the principal stress space using the principal stress directions. The 3D version is more
rigourous and includes less simplification than the 2D version, but it is more difficult to
implement numerically. The 2D version is numerically very stable. For usual 2D analyses, the
two versions provide very similar results (see section 3.1).

The 2D version has been used with the assumption of saturated soils (S;=1. and no variation
of the degree of saturation -and therefore of the permeability- during the computations), and
the initial degree of saturation of 0.96 (with variation of the degree of saturation and of the
permeability) has been used with the 3D version. ' ‘

3. RESULTS
3.1 Simulation of triaxial tests

The requested curves for drained tests, i.e. deviatoric stress vs. axial strain and volumetric
strain vs. axial strain, are drawn on Fig. 1a for the 2D version and Fig. 1b for the 3D version
of the Mohr Coulomb model. For undrained tests, the corresponding curves are plotted on Fig.
2a to 2d. The main characteristics of these curves are summarized in Table 1 and compared to
the theoretical values.

Table 1
Triaxial tests for core material - Mohr Coulomb model
Confining pressure 0.5 MPa and axial strain 0 to 10%

drained (CD) undrained (CU)
M.C.2D | M.C. 3D | analytical | M.C. 2D | M.C. 3D | analytical
g," (%) 1.9 1.9 1.8(2) 1.1 1.2 1.2 (2)
g, (%)or up,, (MPa) -0.72 -0.73 -0.73(3) | 0.164 0.164 | 0.164 (6)
q (MPa)ate; =g, 0.735 0736 | 0.732(1) | 0.496 0.496 | 0.492 (5)
Amax (MPa) ate, = 10% 0.737 0.737 10.732(1) | 0.960 0.955 0.936
g, (%)oru(MPa)ate; = 10% 0.81 0.81 0.84(4) | -0.154 -0.150 -0.139

(1) =2 &, sing / (1-sing)
() e°=q/E
(Ge=-(1-2v) &’

(4) Ae,’=2 sin g/ (1 - sin ) Ag,

(5) @ = 6 65 sing /(3 - sing)
(6) Umax = /3
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3.2 Effective stresses

The contour lines of horizontal, vertical and shear stresses in the dam at the end of
construction, impounding and consolidation are drawn on Fig.3a to 3¢ for the 2D version and
on Fig. 3d to 3f for the 3D version of the Mohr Coulomb model. The two versions provide
some small discrepancies, mainly in the core because of the different pore pressure results
(see next section).

3.3 Pore pressure

The contour lines of pore pressure in the core of the dam at the end of construction,

impounding and consolidation are drawn on Fig.4a for the 2D version and on Fig. 4b for the

3D version of the Mohr Coulomb model. During the construction phase, the dissipation of
pore pressure is more rapid with the 2D version. This may be due : :

e partly to a better convergence of the numerical scheme with the 2D version, which is
implemented explicitly, compared to the 3D one, which is implemented purely
numerically(see section 2).;

e and mainly to the different initial degree of saturation : Sg=1 for 2D version and 5;=0.95
for 3D one.

The maximum excess pore pressures are 0.5 and 0.7 MPa respectively 5 months after the end
of construction and reache 1.0 and 1.1 during construction, as shown on Figures 5a and 5b
that represent the evolution of the pore pressure contour lines during construction and during
impounding for the 2 versions.

3.4 Displacements

The required horizontal and vertical displacements along the vertical centre line AA in the
core are drawn on Figures 8 and 6, and those along the horizontal lines BB and CC on Figures
9 and 7. These curves correspond to the numerical results at the last computational step, i.e. at
the steady state.

In the core, the maximum settlement occurs at elevation 105 and reaches around 160 cm. The
horizontal displacement reaches approximatly 120 cm at the same elevation.

3.5 General Summary

The horizontal and vertical displacements and the pore pressure at the 5 given points are given
for each version of the Mohr Coulomb model (2D/3D) in Table 2.In addition to the required
table, the displacements produced only by the impounding and last consolidation have been
computed by subtracting the results of phase 3 (end of consolidation) from the results of phase
1b (end of first consolidation). These values exhibit the influence of the buoyancy forces in
the upstream rockfill that produce a kind of swelling in the upstream embankment of the dam.
This result is completely in agreement with the implemented numerical model. But it is not
representative of the real behaviour of the dam during impounding due to the fact that beside
the buoyancy effect, settlement occurs due to the effect of the water upon the pieces of rock
mainly for dumped large size rockfill.
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Discrepancies smaller than 1 cm may occur between some load cases or between the 2
versions of the Mohr Coulomb model. But, according to the overall approximation of the
input data, they could be considered as not significant. Therefore the numerical values of the
displacements have been truncated in order to obtain integer values in centimeters.

4. COMPUTATION TIME

The computations were performed with an optimized GEFDYN executable file on an
HP9000/715 workstation (48 Mb RAM, frequency 50 Mhz, 62 Mips, 13 Mflop). The CPU
times for each load case and each version of Mohr Coulomb are given in seconds in Table 3.
The long computation time used for the 3D version during the construction phase is mainly
due to a siower convergence process, which is shown in Table 4. Indeed the computation time
is approximately proportional to the number of iterations.

Table 2

GENERAL SUMMARY : Results of displacements

and pore pressure after each phase

a / b: (a) saturated case & 2D version - (b) unsaturated case & 3D version

_Points of the Dam Section
CC CM CL UM DM
End of Construction (1) 0/0 4/ 4 8/ 8 -18 / -18 | 21 /7 21
End of 1st Consolid. (1b) 0/0 4/ 4 777 =17/ -17 ] 20/ 20
End of Impounding (2) 76 / 81 [116 /1201103 / 105] 8 /12 79 / 81
End of Consolidation (3) 76 /81 [117 /121[106 /108 8/ 11 80 /82
(3) - (1b) 76 /81 [ 113 /117199 /101 | 25/ 28 | 60/ 62
Horizontal Displacements (107 m)
Points of the Dam Section
CC CM CL UM DM
End of Construction (1) 0/0 161 /161]131 /7 134] 14/ 14 16 /16
End of 1st Consolid. (1b) 3/3 165 / 165)136 /138 ] 14/ 14 | 16/ 16
End of Impounding (2) -1 /-5 1156 /152 {128 / 127|217/ 22 12 7 12
End of Consolidation (3) 0/ -4 156/ 1521127 /126|217 -22 ] 12 / 12
(3) - (1b) 3/-7 | -9/-13 | -9/-12|-35/736] -4/ -4
Vertical Displacements (10 m)
Points of the Dam Section
CC CM CL UM | DM

End of Construction 0.008 / 0.008 | 0.084 / 0.080 | 0.256 / 0.270] - -
End of 1st Consolid. -0.028 / -0.024 | 0.015 / 0.016 | 0.092 / 0.114] - -
End of Impounding -0.063 / -0.052 1 0.260 / 0.271 | 0.453 / 0.466/ 0.481% | -
End of Consolidation -0.073 / -0.0701 0.240 / 0.246 | 0.435 / 0.459/ 0.481* | -

* this value was not computed by GEFDYN - it is equal to p,.g.h

Pore Pressure (MPa)
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Table 3

Computation time
| MC 2D MC 3D
Construction and 1st Consolidation (10+2 steps) 4638 s = 1h17mn| 11655 s =3h14mn
Impounding and Consolidation (5+2 steps) 3309s = 55mn| 3393 s=57mn
TOTAL CPU TIME 7947 s =2h12mn| 15048 s = 4hl1mn
Table 4
Number of iterations
| MC 2D MC 3D
Construction and 1st Consolidation (10+2 steps) 1137 2788
Impounding and Consolidation (5+2 steps) 430 573
TOTAL Number of Iterations 1567 3361
Notations
Feu : external forces (for example body forces)
g: gravity acceleration
I: unit tensor
K (S,): permeability tensor (as function of the degree of saturation}
p: pore pressure
n: porosity
S{p): degree of saturation (as function of the pore pressure)
V: filtration velocity
X: current position of the material point
®: friction angle
W dilatancy angle
Py : water density
C: total stress tensor
G : effective stress tensor

Vectors are in bold characters.

References

[1] GEFDYN rev. 6.1 - Users Manual and Scientific Manual, March 1994 - Coyne et Bellier,
EDF/CNEH, ECP/LMSS.

[2] D. Aubry, D. Chouvet, O.Ozanam, J.-P. Person (1986) : Coupled mechanical-hydraulic
behaviour of earth dams with partial saturation - Eur. Conf. Num. Methods in Geomechanics,
Stuttgart, Germany, Vol.2.

[3] D. Aubry, O.Ozanam, J.-P. Person (1987) : Ecoulements non saturés en milieux poreux
déformables - 9th Eur. Conf. on Soil Mechanics and Foundation Eng., Dublin, Ireland, August
31-Sept.1st 1987, pp.537-540.

Vol. III, 646




[4] D. Aubry, O.Ozanam (1988) : Free surface tracking through non-saturated models - 6th
Int. Conf. Num. Methods in Geomechanics, April 11-15, 1988, Innsbruck, Austria, Vol.3, pp.

757-763.
[5] O.Ozanam (1988) : Modélisation numérique des sols élastoplastiques non saturés -

Application aux barrages en remblais - Theése de Docteur de I’Ecole Centrale Paris.

Vol 1M1, 647



EL INFIERN]LLD DAM {BEXICD?

GEFOTN |
| NUMERICAL ANALYSIS OF DAMS

[

] THEME B1

COYNE ET BELLIER

I

3RD BW - CIGB 9«

24108/188L

[LRL]

" L
! | " .ml ] ' ] i '
' 1 ] © ' " ' ' H
1 [l i = " [l ' H "
o NG P LI TEEEE - N g R foeeem S [Rp—— -
' ' | l ' ] 1 '
! i ' ' ' i [l '
H H | ! H ! ! .
H
R R e L e erendeoe - O ST DU, Ny S B P N | N o
' ) Ll ' Ll ] '
1 | 1 I N | 1
_ . " Lo
_T||.|._ |||||||||||||||||||||||||||||| vat\x,_.n S (U U [ N dmmm e m ,'nlnhn._ ||||| [ 3
! ' ] ' L] ] !
H ' 1 1 ] 1 1
, ' 1 i ' [ N
O S N . S E S A WU . - 1 B b [l !
: . ! T, G g U S [ bomm R T -
\ N 1 ! I 1 '
' ' 1 1 Y . '
! 1 ~ ! i ! ! .
R P R T '
"| Y O U NP N B e IR m [ L L L T R P S, ey m AU J P .
. i — ) 1 ] El 1 '
¥ fl - ' 1 b 1 '
¢ ' w ) 1 | [l "
P L VU PRV SUNURURU. NN ST VSRR P I, - =4 Vee oo Ly S DU R S : e -
4 1 et ] n ' ! e l_ IIIII
’ ! ) ' ' 1 ! i
1 i E ! ' y h I i
' ' m ) ! ) ] ! H
[ T T L I T o e P, W [ ——
) : m P R e Loooe R Mouame e
, \ =] ! 1 ) ) ! H
y h ' a1 < ' ' 1 '
! ! , 3o ' . . , !
T e SV [ N T ~ — T S Y- P, N PR ~
! a ' ! nNn Ls, ' J_ H H “| t '
| |
H : ' wie . ' ' ' ' ) H
] N ' - ! ' ' N ' ] !
U S R Uy Ry R R g S [Ep—— wiw mmeeutann=- s Lacood [, |, ; 1 -
\ N h =3 . ! T 1 ". ||||||||| P
' M ] o H ' ' 1
' ) ' = e ' : ' ' ; '
_ S | 2 : R S _
—
9 % % k! 3 5 5 5 3 q 1 .mm 2 g 5 % 3 5 ] 5 3 g 5 g
(U1 o B UL
> <
A =
=
Lol
1 T r T - »
R 2 N 4 AR =
H ! H ' ] ' ' H ] zZ|lE ' ‘ N 0 ' ] N ! =
TS T U SO NUNS AUNUR SO O S HE S AR X S AU SN S U T =
.......... s e R 8
A i e St S e S — ot I S T Sl ek s Rl e B A
' ' H ' ' ' ' ' b ' , ' ' ' : H ' ‘
' ' 4 ] 1 : 1 ' ! h ' ' ' 1 ' 1 ! '
[l 1 ] ) 1 1 ] 1 (4] H H N 1 1 ) “ . |
..... _r-:-.“:x.'",.:-._-----....--.._---:1:f.....;»‘.“af:| .--:_.--.-._-...-_r..-..T--.-"..--.._.---._-:--T-.:r--:a
H 1 1 ' y ! — H ! 1 . ' ' :
e A
' : : _ ' ' ' ' ! : ! ' ' ' ' '
||||| P R R R et S
H ' 1 1 1 ' ! ! ' Ao ! ) M | H ' H 1 '
' ' H 1 ) N ! ' ! m { 1 ! ! ! ! 1 1 '
H ' ' ' I i ' ! ! ' ) + J ! ' H \ \
] V ' ] ] ' '
..... [ASU SEV AYTPE PR SR JE R A S MR S ! ] 1 ! : \ -
R ey S I S B 1 I et R A s Sl S
: _ : e Wi : _ oy Py _
! -
AR N U SO S SOOI SRS S 3 S I T T R S
...................................... ]
e i S S A =] A I S N St B e Sl S
N T & S A Y A
;
' ' : ' ' i ' ' ; - ' ' ' ' ) ' ' ' '
..... Rt Tl B e R e aataiatel w JRORSO R SRR | U Y A | - 1 ~
! K 1 1 1 ' [ i ’ wi— | ! h d b } !
| + ' 1 ' H ' ' ' ' ! ' ' 1 ) ' )
i : ! ! ! ' A 4 ! . . ! H ' !
' ' u; ] ' | ' t ' = H * ' * ' ) 1 !
..... R ] R R R it 8 e U | 1 -
' ' ! ' 1 ' . ' N 1 } 0 ¥ i 1 )
i ' I ' i . ! s ' ] ! i ! ) . H '
' : : ! : ‘ _ : : ' i ' ' ' ' '
|
..... L EEEE o T T T P R LT m R SRR Y S R SRR T . ~
D ST ¢ RN S~ SO e R !
! ' ¥ N ! —_ 1 ' . ' ]
| " : ! : ! " | | 9 : ! " _ _ " "
..... T S S _ oo |
h i
e |2 L
: h
‘ ; : : ; " : : ola : ; " : ' w
-
® I
L ‘] 2 7 g ] q L] ® % g W m g L] 5 B g L] g L] g " g
i =3l ]
~J
™

GEFDYN

mn

0.5 Mpa - (q,&1) and (sv,si) curves

(b) 3D version

ith Mohr Coulomb’s constitutive models implemented

al test on core material - o3

riaxi
ion w

lat

Fig. 1. Drained t
stmu

Yol TII, 648




EL TNFIEANI LLD DAM (MEXICO)

NUMERICAL ANALYSIS DOF DAMS

z
>
o
e
]
)
BN
it
x| ¥
Wi
3T
] s
w
m
-
w
g
a
Ly
]
| |m
]
=
o
[
uiz
@m
Sla
Bl
2l
~
o~

e et e et b bl by e
" X !
1 ' !
" ' !
- R
T
. o
‘ o
‘ ‘ P
[l 1 [l ' i ‘
- » L e tnd
1 1 [l ' i '
1 ' 1 ! N )
1 + ' ! ‘ '
' 1 1 ' ‘ )
I e Tt Ry, T LLE T aeys £
' [l : 1 ' H
b 1 ¥ ! f H
t 1 Il ' H H
1 Voonon
LR S JCRS R S D e ki R U
[ 1 1 | i N
1 ) 1 ' i i
[ h 1 i ¥ H
1 + ' ! ‘ '
L R R N S S e it T o]
1 | ' ! Py
1 ' ! ' )
' ' ) ! f H
' [l 1 ' i
r-- O R -
" 1 + ' '
[
] 1 t ' 1 N
+ o r
i o
r L I Ll
. ' ’ !
] ' 1
] 1 ] ' 1 '
Ll ' ' ' '
[l 1 ] N ' !
- + ! ~
v L it L
1 ] 1 ! )
' [
[ + 1 ' i N
' . 1 ' ) N
" EELEEEEES EELER i
1 [ ' ! i !
’ ] ' ' '
) M 1 ! ! '
7 ' R
1 1 L 1
g " 9w x ®u % 75 ¥ 3% § g 9 3 4 4 % B o2 v oA g

(a) 2D version

EL INFIERNILLO DaM (MEXICC)

GEFDYN

| COYNE ET BELLIER

- CIGB 94

24 /0671994

i NUMERICAL ANALYSIS OF DAMS

THEME B7

3RD BlW

1
]
1
1
]

il Al Rl Bl AR |

B e Rt R

'
' '
r_.__L -

| S

Fem--

I Y Ry

V
'
o

[ L Lk s Sy

'
1
1
1
F--L
M
oy
[
F—
Fmmt
H—
Vo
o
Pl
oL
)
vl
I
]
raal
N
[
P
Vo
Pl
]
yo
ot
yot
Iy S . Y
y
it
P
P
-
i
[
P
P
[ .
o
.
P
'
P =i
S
vt
P
]
L]
(LA
1 o
1 t
! ]
! '
nnnnnnnnnn v
1
'
1
'
||||||||| L]
1
1
1
)
'
1
'
uuuuuuuuu Bl
'
1
1
||||| [,
!
' '
' )
' 1
||||| Fmmmnmy
! 1
) 1
' '
' )
aaaaa [
1 '
' '
' ]
' 1
||||| O
' 1
' 1
' 1
'
||||| [
' 1
i 1
! 1
i 1
1 %

-

b
0

(b) 3D version

GEFDYN

mn

lemented

imp

al test on core material - 5;=0.5 Mpa - (q,£1),(u,g,) curves

ined triaxi
lation with Mohr Coulomb’s constitutive models

Undra
simu

Fig. 2

Vol TII, 649



EL INFIERNILLO DAM (MEXICO?

i

NUMERICAL ANALYSI1S OF DAMS

z
>
o
0
W
!
|—I.
@
x|
5|8
m =
ii]
-
w
oy
z
=
(=]
Cly
o
[02]
o
o
a
1
gz
8|
o
S
2im
et
(<]

'
! '
! 1
! 1
! ]
! '
! 1
L
1
| E— *
{ ll
! 1
! 1
! 1
! 0
! 1
! ‘
! 0
! 1
[ -
! '
! 1
! I
! I
! ]
! r
{ '
' L]
+ ]
| p—— *
! 1
' 1
! 1
! 1
! 1
! ]
! 1
! 1
! ll
| s
! 1
! +
! ]
! »
' t
! »
i ’
H )
) 1
e - r
) Ll
! 1
) Ll
! ]
! Ll
! 1
! 1
! 1
! )
| IR ¥
! 1
! 1
! 1
! 1
! i
! 1
! I
{ Ll
r I
feme o r
+ ]
4 ]
' ]
! '
! 1
! 1
! '
! ]
' s
hivwean M
H 1
! )
) l
! 1
! 1
! 1
! 1
! 1
! ‘
nnnnn r

g ———

1

B

e B

gy

T
| bt

(vdi1

3. [

F - L N et

[y [+ R ——

2
N
v T ,
' H i : :
' H ! ! ‘
' H ! ! ‘
] v ' . :
1 N ! ! :
' N ! ! ‘
‘ H ! ‘ ‘
' B Ll . ) nu
: . S SR S
nnnnn i e R :
i 0 M : !
' 1 ' : '
' : ' ‘ '
' K ! : '
' \ ! ! '
1 i : ; '
' N ) ! '
' ' ! ! ' o
H : | SR I
..... bememqaeaaak ! '
' ' ! ' '
' ' ! ! '
' B ' 1 1
' ' ! ! '
' ' ! ! '
' H ! ! '
1 ' ! ! '
' H ! ! ! -
; . | [E—
..... [T PP ! _
i 1 ' H !
I ' ! ! '
' H ! ' '
' N ! ! '
' N ! ! '
' V ! ! '
1 H ! ! '
i H ! ! ' o
. . [ S S R
B - ) :
' H ! ; '
' ' ) 1 '
‘ H ! ! '
| ' J ! :
v ) ) ! '
v H ! ! '
' N ! ' ‘
' H ! ! ‘ "
' \ !
...... . . -
' H ' ! '
‘ H , ! ‘
H ! ' 1 M
‘ H ! ! !
' ' ! ! :
' H ! ! '
' H ! ! '
1 ' H ! ! .
. 4 T ————e -
..... G EGLEET ‘ :
' H ! ! '
1 ] 1 . !
1 H H | '
' H ! : '
1 ] 1 N !
i ' H ! ‘
) 1 ' H '
1 ' ! ! ' o
. . P b aam oy jm====F
11111 R e R ; '
v Y ? ! '
' H , ' '
' H , ' '
1 ' H ! !
1 ] i H .
N ' ] ' H
) H ! | '
1 H H ' ' o
' ' [ T -———— n
..... L R SRR : .
i ‘ ! ! ‘
] 1 + H !
' ! ] ' H
v ' ! ! '
' ! 1 i '
' ' H ! '
1 ] 1 N !
' H ! ! ' -
: L PO ym====F
||||| | anfalaliel Al h ' !
1 ' ) ! !
' i ) ! :
] 1 1 H !
' 4 H ! '
) ] 1 \ !
' ¥ ! ! '
' H ! ! '
1 ' H ! ! 2
; : : : L -
o
& % & § © 38

[ e ]

B* I0PA)

(c) 2D version

EL INFLERNILLO DAM (MEXICO)

GEFDYN [
[_come er s NUMERICAL ANALYSIS OF DAMS

3R0 Bw - CIGEB 8<4

2£106871894

THEME 81 |

P

P

L

«0

1

1

1

1

1

'

! t
' Ll
| reeem
¥ ]
' "
! 1
! "
! 1
! '
| 1
! ]
! [
[ PR
! '
! 1
! ]
! [
' ]
4 r
' '
! 1
! 1
| Foeen
! 1
! '
! 1
! '
! 0
! L]
! L]
i '
! L]
[T P
! 1
! 1
! '
! [
! 1
! 1
! 1]
! »
! l
[T Y eaw
! 1
! ]
! 1
! 1
! *
! ]
' ]
! 1
! 1
= T
[=] [+]
] 2
K]

Iyt 9

T 2 L

P L I

B0

e

»10

=00

P’ (MPAL

(d) 3D version

al test on core material - c3 :
th Mohr Coulomb’s constitutive models implemented

0.5 Mpa - (p’,q) curve

axi

Fig. 2 : Undrained tri

GEFDYN

11

.

10N Wi

.

simulat

Vol. 111, 650




18/04/199¢4 COYNE ET BELLIER | GEFDYN EL INFIE
3RD BW - CIGB %< | THEME B1 | MC2D @

End of second consolidation period

GEQMETRICAL SCALE : 000023

Fig. 3a : Effective stress contour lines
horizontal stress - saturated case (+Mohr Coulomb 2D)

Vol 11, 651

BENTEH L18. ¢C) - COPTAIGHT COYNE ET BELLIER




18/04/199¢ COYNE ET BELLIER | GEFDYN | EL INFIE
3RD BW - CIGB 94 THEME 81 | MC2D
,’\“0
o
T h
2.0

End of first consolidation period

il

T—)

/

=77

/
§
7

End of dam impounding

End of second consolidation period

GEOMETRICAL SCALE : 2 00028

Fig. 3b : Effective stress contour lines

vertical stress - saturated case (+Mohr Coulomb 2D)
Vol, 111, 652

|PYRIGHT COTRE ET BELLIER




18704 /1994 COYNE ET BELLIER ] GEFDYN - GEF20
3RD BW - CIGB S< THEME B ] MC20

End of dam impounding

End of second consolidation period

GEOMETRICAL SCALE : 2 00023

Fig. 3¢ : Effective stress contour lines
shear stress - saturated case (+Mohr Coulomb 2D)

Vol I, 653

BENTEK LIB. ({1 - COPYRIGHT COYNE £T BELLIER




22104 /1394 COYNE ET BELLIER | GEFDYN MC30
3RD BW - CICB 9< | THEME B1 ! EL INFIERNILLO DAM (MEXL

End of second consolidation period

CEOMETRICAL SCALE : 200023

Fig. 3d : Effective stress contour lines
horizontal stress - unsaturated case (+Mohr Coulomb 3D)

Vol. I1IT, 654

- COPYRICHT COYWE ET BELLIER




3R0 BW - CIGB 94 | THEME B1 | EL INFIERNILLO DAM (MEX ]

2270441994 COYNE ET BELLIER | GEFDYN MC30 @ A

,ltl’l‘\\
7 NN
120

7

<
i

I
T

End of first consolidation period

ey
7

g

A

=

J

ﬁ_—:ﬂ—;“‘?

e
%

End of dam impounding

RN

___
"“r

(/

v\v."'&g,{-,; l(\‘ o NEZASS

End of second consolidation period

GEOMETRICAL SCALE : 200029

Fig. 3e : Effective stress contour lines

vertical stress - unsaturated case (+Mohr Coulomb 3D) Vol IIL 655

BENTEK L1B. (G} - COPYRIGHT COTNE ET BELLIER




22104/1984 COYNE ET BELLIER l GEFDYN GEFZ2D

3RD BW - CIGB 24 THEME B1 I EL INFIERBNILLD DAM (MEXT

End of first consolidation period

End of dam impounding

End of second consolidation period

CEOMETRICAL SCALE : » 00023

Fig. 3f: Effective stress contour lines

shear stress - unsaturated case (+Mohr Coulomb 3D)
Vol. III, 656 .

COPTAIGHT COTNE ET BELLLER




18/04 /1884

COYNE ET BELLIER [
3R0 BW - CIGB 94

GEFDYN MCczo

EL INFIEBNILLO DAM (MEXI

THEME 31 |

qe

1 \
‘\\\’“‘
End of second
consolidation period

AN
End of first End of dam impounding
consolidation period

GEOMETRICAL SCALE 200100

Fig. 4a : Pore pressure contour lines
saturated case (+Mohr Coulomb 2D)

BENTEK LIB. ¢{C) - COPTRIGHT COTNE ET GELLIER

Vol I, 657



2210211884 COYNE ET BELLIER | GEFDYN EL INFIE
3RD BW - CIGB 94 THEME B1 | MC30 @

”\\\ '

End of first End of dam impounding End of second
consolidation period ' consolidation period

GECMETRICAL SCALEL : 00100

Fig. 4b : Pore pressure contour lines
unsaturated case (+Mohr Coulomb 3D)

Vol. 111, 658

- COPTAIGHT COYNE ET BELLIER




22/047198¢ { COYNE ET BELLIER 1 GEFQOYN t MC20
380 BWw - CIGB 84 | MUMERICAL ANALYSIE DF DAME - THEME B4

EL INFIERNILLG DAM (MEXICO: @

T = 3 Months T = 6 Months T =9 Months T = 12 Months

CEOMETRICAL SCALE : 00080

DAM CONSTRUCTION

22/041128¢ | COYNE ET BELLIER i GEFDYN | B @

3R RwW - D[GHE 94 ] MNIMEZRTCAL ANALYZIE 0F TAME - TaIMz g4 EL NS IERNILLO DAM <(MEXICO)

!’Z\ a

I
! :
f
f

t [ ~
| |
| |
|

|

|

T

69m >
SO
il
T= 20,5-M0r|th5 T = 20,75 Months T =21 Months T =225 Months T =26 Months
GEOMETRICAL SCALE ¢ .QCDRD

UAM TMPOUNDING

Fig. 5a : Pore pressure contour line evolution during construction and impounding
saturated case (+Mohr Coulomb 2D)

Vol 1, 659



2210471382 i COTNE £7 BIL jEm i gEEnYH moaT PR
3RD Bw - CTIGE 24 I NUMERITAL AVALYE(S 0F Dave ——cmz @- T iaTiront - DA [ Nt
i
b
fd

T = 3 Months T = 12 Months T = 15 Months
SEOMSTRICAL STALE

AN\

SR CONSTRUCT TON

271021192 f COYNE ET BELLIER GETDYN MC30
3R S - TiGE 24 | NUMERICA. ANALLYZ IS QF DAMEZ - THEME 27 ] L INFIERNILLG DAM (MEXTCO)

IF\\ | ﬂ

u
.

i

T = 20,5 Months T= 20,7-5 Months T=21 Munlhs T = 22,5 Months T = 26 Months
GEQMETRICAL SCALE : -0C08G

DAM TMPOUNDING

Fig. 5b : Pore pressure contour line evolution during construction and impounding
unsaturated case (+Mohr Coulomb 3D) o

Vol. 111, 660




I
o
3
a
ot
2
o
I
=
n
=
|
I
=
P
o9
L
1 |
Ol
<
=
<
.1
<
O
el
ot
313
=
Ll
m
mll
1}
=
=
poms
(4]
Oty
m
| o
G
S
|
Nz
DN
!
3|
Sl
m
!

e g e -

(

= 175.00 L ____

)} NOTLIVATTS

150e00 o - - - = o

10000 . - o - - -

250,

UERTICAL SETTLEMENT (CM)

100 125 150e

25«

—29¢

SATURATED CASE - MOHR COULOMB 20
UNSATURATED CASE - MCHR COULDMB 3D

C\-El. 80

D/s

u/is

Fig. 6 : Vertical settlement at the end of consolidation along core vertical line AA

Vol 11, 661

tC} - COPYRIGHT COYNE ET BELLIER

BENTEK L1Ba



18/04 /1994 COYNE ET BELLIER GEFDYN |
3RD BW - CIGB 9< NUMERICAL ANALYSIS ; EL INFIERNILLO c@

VERTIGAL SETTLERENT (LM

8

-120.

~2£0.

-280.

HOATZONTAL COORDINATE (M)

r
[
E
H
u
£
u
]
F
E
b
“ [
: | .
s | ! {
x
r | | | l | | | |
w | |
>

N | ) | : | [ | N |
_160"“_"—"_ r__!_—_j_'*r ______ ‘r”*“r——“l——— e .

| | |

J | [ | |
| | 1 | ! |
—=00- t T & ! f T E ! t T II !
—-200-00 -1 30 .00 - 00 =00 ~B0 .00 -00 BO-00 100 .00 1S5S0 a0 200 .00 2T/0 =00 2AGC =TC

HORIZONTAL CODRDINATE (M2

SATURATED CASE - MOHR COULGMB 20
UNSATURATED CASE - MOHR COULOMB 30

A

8

Q
'C\-E[. 80

X D/sS

Fig. 7 Vertical settlement at the end of consolidation along horizontal lines BB & CC

Vol. ITI, 662




[ —— i

| X
| EL INFIERNILLOC c@

GEFDYN

NUMERICAL ANALYSIS

|

COYNE ET BELLIER

- CIGB 8«

18/04 /1934
3RD Bl

o
w
i
. ;
s wn
m
mlll._ T T T T T TTT [ TTOTT et T o e e e e e ll_. lllllll _I.[ — - = — _|| - = 11m C m
_ | | | ! | ] o
! ! ! ! _ =
_||.m|||f4\ e - = - — — - l_ _ _ _ _ _ - - - -F 1%
Py i I N , | M_
b | - ., _ | "
Loy e \ﬂll L ~ o 3 g
| - - l¢l‘.iI/| I._| l..|.|_|l. - r N_
[ [ < | | ~ £ a
| - ) I | = ™
_ L~ ! ! \ ! & B
i g ~ I V_ ez 2%
_l e o et + - - - - - NS T T T = — = =r T m o
i A [ | N =
| - | | a3
| - | | | n 1 Q
| - | | | N | & wc
P Bl T T - - - - | —N - - - = = | O o
Ly ! ! _ A S
I < | | oo
P | I | \ I o %mu
ba______ I _ L b - - _[JI/.II_ IIIII r =
Lo | | | _ 3 _%
Ly | ﬁ | ! \ . w2
I M _ | ﬁ ) _r i Sa
|||||||||||||||||||||||||| |— — — — =3 — . -l
H | | | % | 3\ ! wm
I ! ! | Y| o = @
L _ _ _ _ g : e «
lllllllllllllllllllllllll |*|Iis’11'l —_— —
__| | _ _ ! _ I¥ mw
_ ! : [ | R o Bu 5
Lo “ ! _ R g
boym > ==~ - T T T L I e
b I _ I | ;N
I I ! 9 i
e e f— — — — — = ===y === == - T T I
- _ _ | _ : _
| | | n m
| _ _ : i a
e = = - = = === = + - - = = - |—— - - = - _IIIIII_iEL -
! _ i ﬁ | l _
| | |
| | I |
| ) | | | 9
T T T T T T
3 a 8 8 g 8
0 3 g 3 5 3 o
- n o =] i n
i ™ And « S
(W) NOILYN3T3 =

Vol 111, 663

Horizontal displacement at the end of consolidation along core vertical line AA

Fig. 8 :

BENTEK LIB. (C) - COPYRIGHT COYNE ET BELLIER



COYNE ET BELLIER GEFDYN
CIGB 84 NUMERICAL ANALYSIS

1B/04 /1892

INFIERNI

EL-

3RD BN

0T 00

o0 000 *

=2d.00

=100.00

s
¥

A . B8
[ -
(W31 AN AFLLIS TWINOZIHDH

HORIZONTAL COORCTNATE (R}

(W) LN3W3TILLES TIYLNCZIJWOoH

—z0.

—M1DS0-00 2 —100.00 2 —-30.00 [Y=1-] [0 .00 1C0.00 ST =00 20000 250 .00 =1=1=% =14
HORIZONTAL CODORDINATE (M)

—-ZO0 - 00

SATURATED CASE - MO KR COULOMB 2D
UNSATURATED CASE - MOHR COULOME 30

C\-EI. 80

D/S

u/s

Fig. 9: Horizontal displacement at the end of consolidation along horizontal lines BB & CC

Vol. 111, 664




Third ICOLD Benchmark Workshop on Numerical Analysis of Dams
PARIS (FRANCE), SEPTEMBER 29-30, 1994

THEME B1

EVALUATION OF PORE PRESSURE AND SETTLEMENTS OF AN
EMBANKMENT DAM UNDER STATIC LOADINGS

G. La Barbera, A. Bani - ISMES S,p.A, Bergamo
G. Mazzi - ENEL/CRIS Milano

1. INTRODUCTION

The paper presents the results of the analysis carried out for the "El Infiernillo" dam, built in Mexico in
1962-63. It is a 145 m high rockfill dam with a central impermeable clay core (Fig. 2). The foundation is
composed of sound rock consisting of silicified conglomerate with basaltic dikes and can therefore be
considered rigid and impermeable.

The analysis has been performed adopting a fully coupled theory for afl the different materials of the dam,

even though the degree of freedom corresponding to the excess pore water pressure were considered "free”
only for the core and the filter materials.

In the static analysis three load cases, corresponding to the actual history of the dam, have been considered:
construction phase, reservoir impounding and consolidation phase.

The computer program used for the analysis is OMEGA, a 2-D 3-D f.e.m. code for the numerical solutmn of
non-linear analysis of both one-phase solid and two-phases solid-fluid medium subjected to static and
dynamic load conditions. The code has been jointly developed by ISMES S.p.A. (Bergamo, Italy) and
CIMNE (Barcelona, Spain), on the basis of the theoretical formulation presented in [4], [5], [6], [7].

The numerical computations have been carried out on the CONVEX C3220 parallel/vectorial super
computer at the ISMES computer facilities in Bergamo.,

2. ADOPTED FORMULATION

A coupled solid-fluid formulation together with an incremental elasto-plastic deformations theory have been
adopted. The finite element mesh (Fig, 3) is the one proposed by the Organizing Comimittee, optimized with
an algorithm for profile and wave front reduction of sparse matrices. There are two different types of
elements; the isoparametric 8-node quadrilateral and 6-node triangle. Numerical integration for the two
types of clements has been performed using respectively the Gauss and the Radau rule, both with 4
integration points for each element.

The use of the Mohr-Coulomb model, proposed by the Orgamzmg Committee, leads in many cases to
numerical difficultics due to the discontinuities of the yicld surface shape in the stress space. In order to
avoid this problem an equivalent Drucker-Prager constitutive model has been adopted for the whole analysis
of the dam, In fact in plane strain conditions, there is a theoretical equivalence for the Mohr-Coulomb and
Drucker-Prager constitutive models, provided that the correct equivalent parameters @, ¢© are used. The
equivalent ¢ value for plane strain conditions corresponds to the inscribed yield surface to the Mohr-
Coulomb one. '

If negative sign for compressive stresses is comsidered, the Drucker-Prager and Mohr-Coulomb yietd
surfaces may be written in terms of the stress invariants P, q as:

q=N-Mp
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The M, N coefficients assume different values for the two models:

Mohr-Coulomb : ' Drucker-Prager
B 3¢ cosp N 6C cosp
V3 cosd - sind sing 3 - singp
3 sing . - 6 sin
= - M = _____—CPE_
V3 cos® - sinf sing 3 - sing

To obtain the Drucker-Prager yield surface inscribed in the Mohr-Coulomb one (Fig. 1), it is necessary to
find the minimum value of the q invariant with respect to the 0 invariant, by imposing to zero the following
derivative:

d (N - Mp) o
GL)

This condition is satisfied for the following value of the 6 invariant: 0 = -atn(sing / \3). The equivalent
parameters of the Drucker-Prager model in the case of plane strain conditions are therefore:

IM : N (3 - sing)
%= arcsin———— (1) =
6+M 6 - cosp

The elastic-perfectly plastic Drucker-Prager constitutive model with equivalent parameters c®, ¢ has been
adopted for the whole analysis (Fig. 1). Plastic deformations have been calculated considering an associated
flow rule. '

Fig. 1 A Mohr-Coulomb surface and the Drucker-Prager approximation

3. MATERIAL PARAMETERS

The materials of the various zones are described in Fig, 2. They can be divided into 4 main groups: core,
filters, transition material and rockfill. The material parameters sets are indicated in Table 1. The
differences between these parameters and those proposed by the Organizing Committee are the equivalent
friction angles @€ obtained from (1) and the fact that the transition zones have been considered fully
drained, due to the high permeability with respect to the filters. ‘
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Densities and unit weights, used to evaluate gravity loads imposed for the construction numerical
simulation, are indicated in Table 2. The unit weight (wet unit weight yy,) for core material has been
calculated as vy, =74 + So M Yyyater , Where porosity n=1-v4/ys.

material number Young Poisson | Equivalent | Cohesion | Horizontal Vertical
and description modulus ratio v friction ¢ (Mpa) | permesability | permeability
E (Mpa) angle ¢°(°) ‘ Kh (m/s) Kv (m/s)
1 - core 40 03 18.535 0.0 8.0E-10 | 2.0E-10
2 - filters 40 0.3 24.047 0.0 8.0E-05 8.0E-05
3 - transition zone 40 0.3 27.259 . 0.0 / /
4 - compacted rockfill 40 0.3 27.259 0.0 / /
5 - dumped rock{ill 40 0.3 27.259 0.0 / /
6 - dumped rockfill 40 0.3 27.259 0.0 / /
Table 1
material number Grain density Dry density Initial degrec of Unit weight
and description v (N/m3) v (N/m3) saturation S y (KN/m3)
1 - core 27.5 15.9 0.96 19.9
2 - filters 27.6 18.7 / 18.7
3 - transition zone 27.5 20.2 / 20.2
4 - compacted rockfill 27.1 18.5 / 18.5
5 - dumped rockfill 27.1 17.6 /- 176
6 - dumnped rockfill 27.1 17.6 / 17.6
Table 2

4. STATIC ANALYSIS

In the static analysis three load cases, corresponding to the actual history of the dam, have been considered;
construction phase, reservoir impounding and consolidation phase. The same boundary conditions for
displacements have been considered at the base of the dam for the whole analysis: null herizontal and
‘vertical displacements.

4.1 Construction simulation

The total duration of the dam construction is approximately 15 months, with a very regular rate of elevation
versus time, of 10 m per month. Construction history has been simutated by applying 11 soil layers of about
15 m thickness each, as shown in Fig. 4, The own weight of cach layer has been gradually applied, with a
linear variation in time, Excess pore water pressure has been set equal to zero at the filters-transition zones
interface, in the transition zones themselves and in the rockfill.

In order to simulate the overconsolidation due to materials compaction an initial stress state has been
considered for all the materials. An isotropic initial stress state of 0.01 MPa has been applied. This is an
important assumption that avoids serious numerical difficulties while dealing with effective stress
cohesionless maierials analysis,
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The high permeability of the filters with respect to the impermeable core made their excess pore water
pressure decrease to zero value during a single layer construction period. When a new layer was considered,
excess pore water pressure was fixed to zero at the core-filter interface for the already built layers.

The time history of the construction and the first consolidation phases is shown in Table 3. For each interval
several steps have been considered, in order to give small stress increments for an casier convergence of the

numerical analysis,
layer , maximum interval time starting time total time
elevation (m) (days) {days) {days)

1 50.02 44 0 44

2 65.00 44 44 38

3 80.00 42 88 130
4 93.25 40 . 130 170
5 106.50 40 170 210
6 120.00 40 210 250
7 133.40 40 250 290
3 146.70 40 290 330
9 160.00 40 370 370
10 170.99 40 410 410
11 180.00 40 450 450

Table 3

4.2 Reservoir Impounding

At the end of construction a period of 5 months occurred before reservoir impounding, the reservoir level
being at El. 60. This period has also been modeled, with the hypothesis that water pressure increased from
zero to the maximum value corresponding to El. 60 in the same period. Impounding history has been
modeled considering 9 water elevation increments, according to the time history shown in Table 4. For each
interval several steps have been considered also in this phase.

The effect of the increasing water level have been modelled only considering the buoyancy effect induced on
the submerged zone (load effect). The hydraulic effect in terms of induced not stazionary secpage
phenomenon have not been considered.

impounding reservoir interval time starting time total time
interval glevation {m) (days) (days) (days)
1 60.00 150 450 600
2 80.00 3 600 603
3 93.25 3 603 ’ 606
4 106.50 3 606 609
5 120.00 3 609 612
6 130.00 3 612 615
7 146.70 23 615 638
8 160.00 22 638 660
9 169.00 120 660 780
Table 4
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4.3 Consolidation Phase

After the end of impounding a consolidation period has been considered, so as to obtain stabilization in pore
pressures and effective stresses. An approximate evaluation of the necessary time to reach stabilization can
be made with reference to one-dimensional (horizontal) consolidation according to the following
expression: '

Th HZ vy, (14 v) (1 - 2v)
t=
kpE(1-v)

For the values of the time factor Ty, = 0.848 and 1.129, respectively corresponding to a degree of
consolidation of 90% and 95%, 4.2 and 5.5 years are obtained. The analysis of the stabilization phasc has
been carried out to 5.5 years (2000 days) after the reservoir impounding, with a complete stabilization of
pore pressures, effective stresses and displacements (Fig. 16).

5. RESULTS OF THE STATIC ANALYSIS

The analysis covered all the load cases corresponding to the actual history of the dam, from construction to
steady state conditions after a long period with the maximum water level,

The effective stresses, excess pore water pressures and displacements distribution at the end of the three
considered load cases are shown in Figg. 5+11. The normal effective stresses present similar
characteristics, that is decreasing values in the upstream shoulder of the dam during water level growth and
an almost constant distribution in the downstream shoulder. In the core, starting from low values at the end
of construction, effective stresses increase particularly in the right half at the lower third due to dissipation
and stabilization of pore pressures.

Tangential stresses are almost everywhere near to zero except in the lower central part of the dam, close to
the foundation. After the reservoir impounding the only relevant values are ncar the core in the downstream
shoulder, and they increase during the consolidation phase.

The distribution of excess pore water pressure inside the clay core is quite good. At the end of construction
there is a symmetrical distribution with values increasing with depth; at the end of imponnding phase a
dissipation in the upper part is already clear, while the steady state free surface of water can be seen at the
end of the consolidation phase.

In table 5 both a summary of displacements and cxcess pore water pressure values for 5 representative
points at the end of the three phases arc provided. Horizontal displacements increase during all three
considered phases, with the higher rate corresponding to reservoir impounding. Vertical displacements
generally decrease in time, due to the dilatancy effects of the Mohr-Coulomb (Drucker-Prager) model with
the associate flow rule adopted. Some points of the dam present even upward vertical displacements. Excess
pore water pressures values in the core decrease during reservoir impounding and then increase during the
consolidation phase (Fig. 16).

Figures 12, 13, 14 and 15 show the horizontal and vertical displacements distribution along three main lines
A-A, B-B and C-C. Dilatancy cffects are more relevant in the lower and upper part of the dam.

In figure 16 plots of horizontal and vertical displacements and excess pore water pressures time histories,
for the core points CL and CM are provided.
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Points of the Dam Section

CcC CM CL UM DM
End of Construction -0.21 10.28 11.34 ~23.70 26.77
End of impounding 125.84 136.57 104.18 -1.72 102.28
End of conselidation 136.25 149.54 113.09 -7.52 126.71
Horizontal Displacements (102 m)
Points of the Dam Section
CC . CM CL UM DM
End of Construction ~19.29 -199.24 -148,16 ~35.45 -45,38
End of impounding 23.32 -150.44 -122.24 21.74 -34,22
End of consolidation 12.61 -158.35 -119.11 22.40 -26.29
Vertical Displacements (1072 m)
Points of the Dam Section
CC CM CL UM DM
End of Construction 0.000 0.005 0.090 0.000 0.000
End of impounding 0.000 -0.121 -0.322 0.000 0.000
End of consolidation 0.000 ~0.002 -0.040 0.000 0.000
Excess Pore Water Pressures (MPa)
cC
UM CM DM
N NN AT
. S~ v /] i clf VNN NN
A \\§V/ TS \ \ \ / [ L\
A N %"" 1 N 7 N
ARG N N NS
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6. REQUIRED COMPUTATION TIMES

In Table 5 the required CPU times are summarized for each calculation phase.

Static Analysis CPU time (hh:mm:ss)
Construction 00:08:98
Impounding 00:07:61
Consolidation 00:04:33

Table 5

7. CONCLUDING REMARKS

The whole set of results obtained from the analysis carried out for the Third Benchmark Workshop of E1
Infiernillo Dam are presented and discussed in this paper.

A rigorous approach based on the coupled solid fluid effective stress theory have been adopted. The results
are furnished in terms of displacements, effective stresses and excess pore water pressurcs.

The simulation of the first impounding is not properly modellized because the hydraulic effects in terms of
induced not stationary seepage have not been taken into consideration. Furthermore, the adopted model
doesn't consider the "wetting collapsing behaviour" of the rockfill material while it is passing from partial to
full saturation. Our opinion is that this effect may have a significant influence on the predicted behaviour of
the dam (volumetric deformations in the upstrean shoulder).

The adopted Drucker-Prager elastic-perfectly plastic model seems to furnish acceptable results in terms of
displacements of the dam. Some doubts remains if the volumetric strains in the core region are considered.
The model, as known, is always dilatant so that it predicts negative volumetric plastic strains (swelling) and
as a conscguence the induced excess pore water pressure during plastic deformations are negative. Better
and more reliable experimental data are necessary to clarify the question.
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ADDENDUM
TO THEME B1
DRAINED AND UNDRAINED TRIAXIAL TEST SAMPLE

G. La Barbera, A. Bani - ISMES S.p.A. Bergamo
G. Mazzi - ENEL/CRIS Milano

In order to quantify discrepancies in the results of the analysis of the dam, which are due to different choices of the
constitutive models, the results of a sample triaxial test, using the parameters of the core material listed in table 1, are
provided.

material E (Mpa) 0 ©(®) ¢ (Mpa) Kh (m/s) Kv (m/s)
core 40 0.3 25 0.0 8.0E-10 2.0E-10
Table 1

The use of the Mohr-Coulomb model leads in many cases to numerical difficulties due to the discontinuities of the
yield surface shape in the stress space. In order to avoid this problem the Drucker-Prager model has been adopted for
both the triaxial test sample and for the whole analysis of the dam.

In fact in triaxial conditions, as well as in plane strain conditions, there is a theoretical equivalence for the Mohz-
Coulomb and Drucker-Prager constitutive models, provided that the correct equivalent parameters ¢, c are used. The
equivalent ¢ value for triaxial conditions, in particular, is the same for both models (only for compression).
If negative sign for compressive stresses in considered, the Drucker-Prager yield surface may be written in terms of
the stress invariants p', q as:

q=N-Mp'

Where p' = (¢'; + 26%;) / 3 = mean effective stress, q = o, - oy = deviatoric stress, N = 6c cosp / (3 - sing),
M =6 sing / (3 - sing).

The limit values for p' and q in triaxial conditions, considering a confining pressure o'y , may be evaluated as follows:
Piim = (N-30'5)/(M-3)
Qim = N - Mpyiy

The calculation has been performed considering a confining pressure o' = -0.5 MPa and by imposing an axial strain
o) increasing from O to 10%. The theoretical values of py;, and gy, for these boundary condition are respectively -
0.74398 MPa and 0.73195 MPa.

The results of the calculations are summarized in figures 1, 2, 3 and table 2 for drained conditions, and in figures 4,
5, 6 and table 3 for undrained conditions.

drained triaxial test

maximum deviatoric stress OGmax = 0.73196 Mpa
minimum volumetric strain g, = 0.0072
axial strain when e, =¢,° g = 0018
Table 2

- undrained triaxial test
deviatoric stress q at 1 = 10% q = 2.1852Mpa
¢xcess pore pressureu ate; = 10% |u = -0.9927 MPa
Maximuin excess pore pressure Unax = 0.1595 MPa
axial strain when u = Uax g° = 0.011
deviatoric stress when u = Uy, q = 0.49514 MPa

Table 3

Vol IIL, 673




3rd. ICOLD 1994
DRAINED AND UNDRAINED TRIAXIAL TEST SAMPLE

Drained Triaxial Test (Drucker - Prager model)
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3rd. ICOLD 1994
DRAINED AND UNDRAINED TRIAXIAL TEST SAMPLE

Undrained Triaxial Test (Drucker - Prager model)
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1. Impervious clay core 4. Inner Shoulder compacted rockfill
2. Filters (sand) 5. Outer Shoulder dumped rockfill
3. Transition Zone 6. Cofferdams (integrated) dumped rockfill

Fig. 2: 3rd Benchmark Workshop - Theme Bi
Material property zones

Fig. 3: 3rd Benchmark Workshop - Theme B1
Finite element mesh
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3rd. ICOLD 1994 - STATIC ANALYSIS
HORIZONTAL STRESSES DISTRIBUTION
DRUCKER-PRAGER MODEL
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3rd. ICOLD 1994 - STATIC ANALYSIS
OUT OF PLANE HORIZONTAL STRESSES DISTRIBUTION
DRUCKER-PRAGER MODEL
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3rd. ICOLD 1994 - STATIC ANALYSIS
VERTICAL STRESSES DISTRIBUTION
DRUCKER-PRAGER MODEL
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3rd. ICOLD 1994 - STATIC ANALYSIS
SHEAR STRESSES DISTRIBUTION
DRUCKER-PRAGER MODEL
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3rd. ICOLD 1994 - STATIC ANALYSIS
EXCESS PORE WATER PRESSURE DISTRIBUTION
DRUCKER-PRAGER MODEL
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3rd. ICOLD 1994 - STATIC ANALYSIS
HORIZONTAL DISPLACEMENTS DISTRIBUTION
DRUCKER-PRAGER MODEL
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3rd. ICOLD 1994 - STATIC ANALYSIS
VERTICAL DISPLACEMENTS DISTRIBUTION
DRUCKER-PRAGER MODEL
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3rd. ICOLD 1994 - STATIC ANALYSIS

HORIZONTAL DISPLACEMENTS AT THE END OF CONSOLIDATION PHASE
DRUCKER-PRAGER MODEL
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3rd. ICOLD 1994 - STATIC ANALYSIS

HORIZONTAL DISPLACEMENTS AT THE END OF CONSOLIDATION PHASE
DRUCKER-PRAGER MODEL
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dx (cm)

240

200

160

120 i

80

40

0

-40
-150 -100 -50 0 50 100 150
x (m)

SECTION C-C
dx {cm)

200

160
120
80 “"'i

40 \\M
0

w T

-250 -200 -150 =100 -50 0 50 100 150 200 250 300

x (m)

-\ €. aeo
~

X DIS

Fig. 13

Vol 111, 685



3rd. ICOLD 1994 - STATIC ANALYSIS

SETTLEMENTS PROFILE AT THE END OF CONSOLIDATION PHASE

DRUCKER-PRAGER MODEL
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3rd. ICOLD 1994 - STATIC ANALYSIS

SETTLEMENTS PROFILE AT THE END OF CONSOLIDATION PHASE
DRUCKER-PRAGER MODEL
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3rd. ICOLD 1994 - STATIC ANALYSIS

X DISPLACEMENTS - Y DISPLACEMENTS - E.P.W. PRESSURES VS TIME

DRUCKER-PRAGER MODEL
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ANALYSIS OF THE BEHAVIOUR OF AN EMBANKMENT DAM®
~ USING PECPLAS FINITE ELEMENT PROGRAM

I. Shahrour & H. Mroueh
Laboratoire de Mécanique de Liile
Département Sols - Structures
Ecole Centrale de Lille

INTRODUCTION

In this paper we present results of numerical simulation of an earth embankment
dam. This is work is a part of the third Benchmark Workshop on Numerical
Analysis of Dams organized by the International Commission on Large Dams
(ICOLD) and intended to compare numerical procedures and programs used for
the calculation of embankment dams.

The example proposed by the ICOLD refers to the El Infiernillo embankment
Dam in Mexico. On the request of the ICOLD, calculations were carried out
using a non associated elastic perfectly-plastic model with the Mohr-Coulomb
criterion.

Finite element analyses were performed using the finite element program
PECPLAS (Shahrour, 1992). This program offers some facilities for the
resolution of geotechnical problems, mainly : (i) the description of the soil
behaviour using elastic perfectly - plastic constitutive models or more advanced
elastoplastic constitutive relations involving isotropic and kinematic hardening
(ii) the consideration of fluid-skeleton interaction for fully saturated soil under
both static and dynamic loading (iii) the consideration of interface conditions and
(iv) theconsideration of the evolution of both the geometry and material
properties during loading.

After a presentation of the methodology followed in this work, we will describe
results obtained under static loading.

METHODOLOGY

Calculation of the dam embankment involves three phases : construction,
reservoir impounding and ﬂna]ly the consolidation at the end impounding.

As during both construction and impounding phases, the soil material is not fully
saturated, calculation should by performed using a partially saturated modelling
which is not available in the finite element program PECPLAS. In order to
overcome this difficulty analyses were carried out in total stresses.

- For the construction phase, no coupling was considered between pore pressure
and skeleton. Two calculations were performed in order to investigate the
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influence of the construction modelling. In the first one, a construction in 15
layers was considered; while in the second, only one layer was considered in the
analysis. |

- The impounding phase was analysed assuming a 'steady-state’ condition (at the
end of the consolidation phase). Calculation was performed in two steps : in the
first one, a finite element analysis was performed for the determination of the
pore pressure distribution. Then, the latter was considered as an external loading
on the soil material. '

DESCRIPTION OF THE MOHR-COULOMB CONSTITUTIVE MODEL

A non associated elastic perfectly plastic constitutive model was used in this
study. The elastic part is assumed to be linear and isotropic. It involves two
constitutive parameters : Young modulus and Poisson's ratio. .

The Mhor - Coulomb criterion is used for the yield function:

7 ‘
f= psin¢+mcos6—g sinsin® —ccos¢
¢ and ¢ designate the cohesion and the friction angle, respectively, while p, J2

and q stand for the mean pressure, the second invariant of the deviatoric stress
tensor and the Lode angle, respectively. Their expressions are :

G..
== 2 =5 Sij = Oy ~ POj;
1. -1 343 1 ;S jkSki
8 = - — ————— Ja =
38111 l: 2 J23I2:t 3 3

The plastic potential is given by :
Iy . .
g=psiny +Ecos8—gsmesmw
where  is the dilatancy angle. '

The set of constitutive parameters used in numerical simulation is given in table
1. It was proposed by the organisation committee of the workshop.

~ parameter Core (clay) | Filters (sand & | Transition (Muck) Rockfill
alluvial deposits) Di¢g=2mm
E (MPa) 40 40 40 40
v 0,3 0,3 0,3 0,3
b 25 35 42 - 42
¢ (MPa) 0 C 0 0
» 5 5 5 5

Table 1 : Mechanical properties of constitutive materials
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SIMULATION OF TRIAXIAL PATHS

In order to check the numerical implantation of the Mohr-Coulomb constitutive
model, the organisation committee requested to provide numerical simulation of
a drained and an undrained triaxial paths with the set of parameter of the core
material (table 1) and a cell pressure 63 =5 00 kPa. Figures 1 and 2 give the
results of the simulation of these paths. :

RESULTS OF F.E. CAL.CULATIONS

The organisation committee proposed a mesh composed of 6- and 8-node
isoparametric elements. As PECPLAS does not allow users to combine these
elements, we used the mesh shown in figure 3. It is composed of 218 (8-node)
elements,

In the following we give the distribution of both field displacement and pore
pressure and their evolution aiong three main lines ( Figure 4):

- vertical line in the core (AA)

- horizontal line at El. = 120 (BB)

- horizontal line at El. = 80 (CC).

First phase : Construction of the dam

As mentioned in the first section, this phase was simulated in total stress. No

~ coupling was assumed between pore pressure and skeleton.

A first calculation was carried out assuming a construction procedure in 15 steps.
Figure 5a shows the deformation of the dam at the end of construction. It can be
observed that the latter is particularly concentrated in the core. s

Figure 5b shows the evolution of the field displacement along the line A-A. The
origin of the field displacement in a material point is supposed to coincide with
its construction. It can be observed that vertical displacement predominates. It
increases with the elevation up to EL. = 110 with a maximum of about 1.78m and
then it decreases.

In order to illustrate the influence of the simulation of the construction

procedure, a second calculation was performed assuming a construction in one

~ layer. Table 2 gives the result of this calculation both with those of the
construction in 15 layer. In this table the field displacement is calculated
relatively to the dam foundation. It can be noted that calculation assming one
layer underestimates the wvertical displacement. Discrepancy on the field

- displacement between the two hypotheses attains 15% at the dam top (CC).
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Point One layer 13 layers
CC -3.03 -3.54
- CM 2.6 - -2.82
CL - -1.34 -1.41

Table 2 : Influence of the construction procedure on the vertical displacement

Second phase : Reservoir Impounding
Calculation of this phase was carried out in tow steps. In the first one, the pore
pressure field was calculated at the *‘steady-state’ condition. Then, this field was

considered as an external loading on the soil material.

Distribution of the of pore pressure

The distribution of the pore pressure was determined by the resolution of a
seepage problem with free surface condition. At the upstream face a hydraulic
load of 125 m was considered, while the foundation dam was assumed to be
impermeable. Figure 6 shows the contour lines of the pore pressure. It can be
observed that the latter decreases sharply in the core of the dam.

Field displacement :

Figure7 shows the deformation of the dam induced by both construction and
impounding of the reservoir. We can observe that the latter induces an important
horizontal displacement in the dam. Figures 8 and 9 show the evolution of the
field displacement along lines AA, BB and CC. It can be observed that : in a
horizontal line, settlement increases sharply in the vicinity of the core. In the
latter, settlement increases with the elevation up to El = 110m and then it
decreases. The maximum of settlement is equal to 1.25m. We can observe also
that the horizontal displacement increases with elevatiori-up to El. = 110 m and
then it stabilizes. The maximum of the horizontal displacement is equal to 1.2m.

CONCLUSION ‘ 7

In this paper we presented a simplified calculation of an embankment dam using
the non associated Mohr-Coulomb constitutive model. Since during construction
and reservoir impounding, the soil medium in not fully saturated, numerical
simulations were carried out intotal stresses. The influence of pore pressure was
not considered during construction. For the impounding phase, pore pressure was
calculated at the ‘‘steady-state’ condition by the resolution of a seepage problem
with free surface conditions. The pressure distribution was then appliéd as
external loading.
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A confrontation of our results to those performed by other predictors will permit
us to check the validity of hypotheses assumed in this work.
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Figure 1 : Simulation of the drained triaxial path
(confining pressure = 500 kPa, set of parameters of the core material in table 1)

(a) Evolution of deviatoric stress

(b) Evolution of volumetric strain

(c) Values at the maximum deviatoric stress
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(e) Values at the maximum of pore pressure,
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Figure 3 : Finite element mesh used in F.E. calculation
721 nodes 218 (8-node) clements
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Figure 4 : Position of lines and points used for results displaying
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EVALUATION OF PORE PRESSURE AND SETTLEMENTS OF
" AN EMBANKMENT DAM UNDER STATIC LOADINGS

L.Guellouz!s2 < S Bonellil - O.Débordes2 - P.Royet!

(1) French Institute of Agricultural and Environmental Enginecering Rescarch
CEMAGREF - Le Tholonet BP31, 13612 Aix-en-Provence cedex 1, France.

(2} Mediterranean Institute of Technology - Laboratory of Mechanic and Acoustic
IMT / LMA - Technopdle de Chiteau Gombert, 13451 Muarseille cedex 20, Frunce.

This paper deals with the construction, impounding and consolidation ol El Infiernillo

cimhankment dam. The difficulties are of several kinds

complex loading, hydromechanical coupling.

non-linear behaviour and important heterogencity of material properties. A fully coupled model is
presented. Some assumptions corresponding to this special case lcad to numerical simplifications.

1. HYDROMECHANICAL MODEL

The small displacements and small strains
assumption yields to the usual definition of the
infinitesimal strain :

?:% (’_V) xﬁ +‘_)7xﬁ'l")

The total sirains and stresses are decomposed into
deviatoric and spheric parts :

5 5, £Y3

: 5 3 3
e=gM—d 0=09+0G,,5

The mass conservation of the incompressibie solid
phase leads 1o lhe relation of the porosity
function of the volumetric strain :

n=1-(1-n"Mexp(-e¥)

The influence of the air phase is omited in the
mass-conservation and equilibrivim equations :

nprr+nSl.b“,+S,.p“,'e"+§x-fﬁ:()
= = O
Vio-((1-n)p+nS;pw)ge,=0

The anisolropic Darcy law is assumed :

m =-% E'(ﬁxuw‘p\\'gﬂél)

-Omw)u)llﬁ-l
_ 5= gl +( Paun

where the permeability lensor is constant @
3 rk, O
K=[ 0 k,

The compressihility of waler is described by its
bulk modulus in saturated zones :

pd if uy,<0
Pw p&cxp(u“ ) il uy=()
A\

The retention and refative permeability curves are
of Van-Genuchten/Mualem type in unsaturaied
zones ([I1D :

i Uy, <)
if uy 20

Ae=S2 (1-(1-spb-y 1)

The partition of tolal stresses in eflective siresses
and pore pressure is defined by the Bishop
principle (f1], [2]) :

szq;fsruw
The skeieton behaviour is described by a non
associated perfect elastoplastic model in cffective

siresses.
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The total strains are assumed to he the sum of an
elastic and a plastic contribution, The clasticity is
isotropic lingar :

Op=7,(E¥-EPY) I=2G(Fa-E)

-—E 2G=—2
3(1-2v) 1+v

X

The non-cohesive Mohr-Coulomb failure surface
is approximaled by the deviatoric yicld criterion
of the C.1.S. model ([1]). with fHling parameters
giving the same results in (riaxial compression
and in pure shear loading :

[y, OD=IUIN (G +sing s, <0

3-sing'y
o Y
= [2\3 ]

where

Betl=n [ %3":3"

3 3deudh ) /3

h(GN= 1+
2

The deviatoric plastic strain rale is associated, the
volumedric plastic strain rate is non-associated ;

e 3 23
EP¥=Asiny grd=p, (¢

2

The plastic multiplier is defined hy the plastic
consistency condition in plastic loading ;

3 3
. lL.odyyev
2GQed+ye 6(]:(361,)4

A

=5
AGIIQAI2+y sing'sinys

In an undrained analysis, the volunictric moisture
content 1§ constant, leading 1o :

PN '3 N \
PwSie=p,S,ct - e=1;

In this case, the pore pressure depends on
volumetric strain via the relention curve in
unsaturaled zone or via the waler bulk modulus in
saturated zone ([2], [3], 4D :

{
_m((S 1-)\00)"/( B | )1 1
o W

0.0
Ko | (180
n In( I+e )

The materials propertics pg, E, v, @, ¢, ki and
k, are defined by the benchmark for each
material; g=9,81 m/s? and p,u,=100 kPa. The
draincd permeabilitics we ky=k,=10-1 m/s. For
the water, %w=2.10% kPa and pY=10 kN/m3.

W
The S; and A, curves are defined by o=10-3 and
=2 for the core and by a=10-2 and =2,5 lor
the drained malerials,

2. NUMERICAL METHOD

The boundary problem defined
by the mass-conservation and the
equilibrium cquations is discrelized with

Initial conditions : beginning of constraction

gquadratic finite elements and reduce
integration, and with a fully implicit
Euler scheme ([11). The proposed mesh
is used for hoth hydraulical and
mechanical problems.

During the construction phase, the core
is almost saturated. The low value of
permeability allowed o negate the water
flow and 1o perfom an undraincd
analysis. Only the cquilibrium equation
is solved (figure 1).

Construction level

* Equilibrium cguoation
« Elastoplastic behaviour
= Undrained assumption

=P Mesh actualisation

« Displacoments and stresses §
o=+ Pore pressure function of
the volumetric strain

ND

Puring the impounding phasc, the
problem s fully coupled. A sequentially
decoupled scheme  ([2]) is choosen for
the sake of simplicity (figure 2) :

1. the displacements field is estimated
with an undrained analysis;
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2. the unsteady mass-conservation
cquation is integrated to compule the
pure pressure field;

3. the equilibrium equation is then
solved (0 compute the displacements.

The consolidation phase ends when the
pore pressure and the displacement
velocity are negligible at constant
reservoir level (169 m), The pore
pressure field is calculated by solving
the steady mass-conservation equation,
allowing to compute the displacement
ficld by selving the equilibrium
equation (figure 3). As the elastoplastic
model is of dissipative type, this choice
is limited by small variations of pore
pressure belween the end ol impounding
and the end of consolidation.

The Newton-Raphson method is used 1o
solve non  lincar equations., The
convergence norms are ol maximum
undimensional type :

Hiresidual foreeslle.
»
llinternal forcesll.

<10l

(101=10-8 for the mass-conservation

equation and 1ol=10"3 for the
equilibrium equation);

[literation incremental solutiontl..
.
lIstep incremental solutionil..,
(ol=10"4),

<ol

Time sieps are manually choosen, big
enough 1o avoid spurious oscillations,
and small enough (o insure the validity
of sequential  coupling  and  the
convergence of non lincar resolutions,

At cach spatial intcgration point, the
elastoplastic model is writlen as an
ordinary diflerential equation, The five
order explicit scheme of
Dormand&Prince with adaptative time
sub-steps is uscd (tol=10-0) ([1], [5D).

The undrained and drained triaxial
simulations of the core are performed
with a single axisymmetric finite clement
and are given in appendix.

The initial state is defined by zero
displacements, zero stresses. The initial
porosity, degree of saturation  and
hydraulic head are given in table 1. The
initial degree of saturation in the core is
(.96, corresponding 10 a succion of (0.3
MPa [7]. The initial hydraulic head is
not a data and is assumed.

Initial condition @ end of construction

Reservoir level Z= Boundary conditions

Loading : hydrestatic pressure

* Equilibriuns equation
» Elastoplastic behaviour
* Undrained assumption

* Displacements and slresses
* Pore pressure function of
the valumetric strain

Volumelric strain

« Mass conservation law

* Darcy law * Pore pressure

Pore pressure

= Equilibrium equution
» Elustoplastic behaviour 22D Displacements and stresses

Lind of impounding

I CONSOLIDATION I

Fig. 2 « Impounding phase analysis

Inilial condition : end of impounding

Loeading : hydrostatic pressure

* Muss conservation law X
* Dy law =D » Pore pressure

Pare pressure

* Lquilibrium equation .
+ Blustoplastic behaviour 23« Displacements ad stresses

END OF CONSOLIDATION

Fig. 3 » Steady state analysis

Core | Filters § Trans. Rocklill
Dum.  Comp.
n? 0421 | 0.322 | 0.265 1 0.3501 0.317
SP 0.96 - - - -
H“=l:f{{' = - 3 mi 35m| 35m| 35m
\Vg

Table 1 « Initial conditions of construction
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The main assumptions depending on the 4 £levation (m)

construction and the impounding level 169
are summarized on figure 4.

The hydraulical and mechanical
boundary conditions are described on
figures 5.a and 5.b. As all the mesh is 35

_Reservoir
impoundin

Dam elevation

AR AR

R S il

Reservoir level

Consolidatio
phase

Time (months)

considered, no seepage problem has (o 0
be solved at the downstream face of the
core.

Hydraulic
.head =
reservoir level Zero flow

Zero flow T Hydraulic
head=35m

Fig. 5.a » Hydraulical boundary conditions

UNDRAINED i5
COUPLED
AHALYSIS

Fig. 4 « Assumptions

Hydrostatic
pressure

Ee ' R R R R W R W

UNSTEADY g
COUFELED
ANALYSIS

A

Zero load

AN

-

ed
F e m e e w Wy
- LY
-

Zero horizontal and vertical displacements

STEADY
COUKLED
ANALYSIS

Fig. 5.b » Mechanical boundary conditions

3. SOFTWARE

The software is S.I1.C.3 (Interactive
Computing System - Universily of Technology
of Compitgne [6]), on a Station DEC Alpha
3000, The geomechanical software has been
developped by the CEMAGREF since 1990,

The mass-conservation equation is solved in
=100 iterations : the tangent matrix is ill-
conditionned because all materials  are
considered. The equilibrium equation is solved
with =3 iferations.

The hydraulical problem involves 1156 cquations
with a symmetric tangent matrix. The mechanical

problem  involves

2206

unsymmetric tangent mairix.

equations

with

The comtour lines are performed with MOSAIC
2.7 (Framasoft+CSl1).

The elapsed time are 15mn for the construction
(45 steps), 2h for the impounding (39 steps) cl
2mn for the end of consolidation.

4. RESULTS

The contour lines of eflectives siresses
are given figures 7a, 7b et 7¢. The contour lines
of pore pressure are given figures 7d and 8.
The pore pressure at the end of construction at
the core base are important (=1.2 MPa). The
displacements are given in tabie 2, 3 and 4 and
figures 9, 10, 11 and 12,

The construction phase is performed with an
undrained analysis @ the rate of elevation is thus
non considered. This assuinption leads to
under-estimated  displacements and  over-
estimated pore pressure.

The impounding phase is performed with a
fully coupled analysis, but the resolution
scheme is explicit (no iteration between the
hydraulical and the mechanical problems).
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Points of the Pam Section
CcC CM CL UM PM
Iind of construction 0 3 6 -16 20
FEnd of Tmpounding 77 130 111 2 74
End of consolidation 77 132 112 2 75

Table 2 « Horizontal displacements (10-2m)

Paints of the Pam Seclion

cC CM Cl. UM DM
End of construction -4 1 -132 | -109 -13 -7
End of Impounding 19 | 141 | -117 28 -0
Fnd of consolidation| -17 | -137 | -113 28 -5

Table 3 » Vertical displacements (10-2m)

an




The end of consolidation is reached with a
steady slate analysis. Because the elastoplastic
model is dissipative, this assumption can lead o
under-estimated displacements and over-
eslimated pore pressure.

According to the low permeability of the core,
it would be better to take a layer of foundation
in the mesh, to get easier boundary conditions
and a better description of the groundwater
flow. This point is important too for the
numerical treatement when the mesh involves
all materials : the addition of a saturated layer
of foundation usually leads 1o betler
convergence of the hydrawical problem.

Between the end of construction (fig 6.4) and
the end of impounding (fig 6.b), the buoyancy
forces cause an important uplift of the upstream
rockfill (40 cm). As this fact is not physically
realistic, more research are needed to describe
the real mechanical behaviour of rocklills from
dry 10 wet conditions.

These results can be considered as a first
approach, allowing to handle more complex
numerical ireatement and sophisticated models. .

Points of the Jam Section

CcC CM Cl. 1M DM

End of construction - -0.15 0.20 | -0.85 | -0.85
End of Iimpounding | -0.12 | 037 | 052 ] 049 | -0.72
End of consolidation| -0.12 0.40 (.59 0.49 | -0.72

Table 4 * Pore pressure (MPa)

Fig 6.h « Vert. disp. (m) - end of impounding

5. CONCLUSION

The hydromechanical model has been choosen as complete and as simple as possible. The

resulls have 1o be considered like approximalions of the physical phenomenon, according to the simple
bchaviour considered here, The mesh deflinition, the order of the spatial integration and the sive of the
time steps play an important role for the accuracy of the results, but this importance is still difficuit to
assess today for coupled problems. The choice of the initial conditions and the boundary conditions are
cssential too, mostly when the foundation is not modelized. This over-simplified model can however
give a good description of the interaction between the volumetric strain and the pore pressure and
improves understanding for how the soil actually responds 1o the applicd foads.

‘Contribution i ]a résolution de problémes élastoplastiques de méeanique des

uelques probldmes non linéaires de mécanique des
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End of consolidation
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APPENDIX : TRIAXIAL SIMULATIONS
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APPENDIX : NOMENCLATURE

vertical axis oriented upward
spatial gradient operator
spatial divergence operator
partial ime derivative
kronecker delta tensor
displacement vector

mass ol water flux vector
pore pressure

inlinitesimal strain tensor
deviatoric strain tensor

volumeltric strain

plastic deviatoric strain tensor

plastic volumetric strain
otal stress tensor
deviatoric stress tensor
total mean stress
cllective mean stress
plastic multiplier

gradient of the yield function

=

L T

LT
™
-2

porosity

void ratio

degree of saturation
relative permeability

saturated permeabilily ensor

~ horizontal saturated permeability

vertical saturated permeability
Van-Genuchilen curves paramelers
acceleration of gravity
atmospheric pressure

water bulk modulus

- skeleton bulk modulus

skeleton shear modulus
skeleton Young's modulus
Poisson's ratio

angle of internal friction
angle of dilatancy

solid phase specilic mass

waler specilic mass
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Numerical Analysis of Bath County Upper Reservoir Dam

by

Philippe P. Martin and Aniruddha Sengupta
Harza Engineering Company, Chicago, U.8.A

1. INTRODUCTION

This paper presents the results of a study specifically undertaken
to assess the ability of GEFDYN [1], a finite element computer
program acquired under license by Harza Engineering Company of
Chicago, to predict the mechanical and hydraulic behavior of an
earthfill/rockfill dam during construction, reservoir filling and
operational phases and to gain sufficient confidence in this
numerical tool for possible use in future projects. No attempt was
made during the course of this study to recalibrate the material
model parameters to match the records of dam response. 1In other
words, the predictions of the numerical model presented in this
report are the true predictions of the mathematical model.

The Upper Reservoir Dam at the Bath County Pumped Storage Project
[5, 6, 7, 8, 9] was selected for this study because the dam is well
instrumented and a comprehensive monitoring program has been in
place since early contruction. Observational and instrument data
are collected and plotted regularly and provide an up-to-date check
on the performance of the dam. Of particular interest are the
readings from some piezometers in the core that have indicated
porewater pressures during the later construction stage and early
years of operation as high as 70% of overburden pressure.

The approach assumed in this study required three steps:

1) data gathering on materials, dam performance, and
reservoir operation,

2) material tests simulation to define the parameters
entering the numerical model of the constitutive soils,
and,

3) finite element analysis simulating the construction,
impoundment and operation of the upper reservoir at the
Bath County Project.

The Bath County Pumped Storage Station, owned jointly by Virginia
Power and Allegheny Power System, is located 70 miles (113 Km)
north of Roancke, Virginia. The six unit 2100 MW pump generating
station has been operating continuously since late 1985, when the
construction of the dams was completed. The project consists of
the upper and lower reservoirs impounded by the Upper Dam and Lower
Dam, three power tunnels, six penstocks, the power house and a
recreational area. All the project features were designed by Harza
and built under the supervision of Harza.
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The Upper Reservoir Dam at the Bath County project is 2200 feet
(670 meters) long and 460 feet (140 metres) high. The 105-foot (32
metres) daily drawdown of the Upper Reservoir reguired special
design features such as a free-draining rockfill zone on the
upstream side between El1. 3205 and El. 3331. The main features of
the Upper Reservoir Dam consist of an impervious central core,
rolled rockfill and free-draining rockfill shell materials, and
filter and transition fill =2zones between rockfill shells and
impervious core. The upstream slope of the dam is 2.5H:1V from the
original ground surface to El. 3205, and 2.25H:1V from El. 3205 to
the crest. The downstream slope is 2.75H:1V from the original
ground surface to El. 3200, and 2H:1V above El. 3200. The
impervious central core is 25 feet (7.6 metres) wide at the crest,
with upstream and downstream slopes of 1H:4V. A transition zone of
weathered rock is provided adjacent to the upstream side of the
core below El. 3205. A two stage filter/drain system is provided
on the upstream side of the core, above El. 3205, and on the entire
downstream side. The outer shells are mostly constructed of
weathered and unweathered rockfill materials obtained from required
excavation and borrow in the upper reservoir area. The upstreanm
shell above El. 3205 consists of a free-draining sandstone.

The upper dam is founded on the Chemung Formation which is
comprised of sandstones, siltstones, and shales. The permeability
and seepage characteristics of the rock mass beneath the upper dam
were investigated by water-pressure testing along the dam axis.
The results of the tests show the Chemung Formation to be
relatively impervious. A single line grout curtain was placed
under the core along the centerline of the dam. The depth of the
grout curtain generally extends to 200 feet (61 metres) below the
core trench.

There is one main instrumented section at Station 14+00 in the
upper dam. The cross section of the Upper Reservoir Dam at Station
14+00 is shown in Figure 1. Piezometers have been installed in the
foundation, upstream shell, core and downstream shell. One pair of
open standpipes is also installed 260 feet (79 metres) downstream:
of the centerline. One piezometer in each pair is installed in the
foundation, the other at the top of rock. Two inclinometers are
installed through the upstream and downstream shells. Most of the
piezometers are still responding reasonably well to the daily
drawdown and filling cycles of the upper reservoir. Besides
piezometers and inclinometers, six settlement monuments are also
installed on the upper dam crest 15 feet (4.6 metres) downstream of
the centerline and 400 feet (122 metres) apart. Weirs, flumes,
accelerometers are also installed in the section to monitor seepage
guantity and the dam response to earthquake motions. Continuous
data are available to date for the piezometers and settlement
monuments. Inclinometer readings are only available for the period
of dam contruction. The large amount of data gathered over a
period of 10 years makes it possible to study the performance of
the dam and use it to verify a computer model.
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2, MATERIAL MODELS AND MODEL CALIBRATION

The choice of a proper material mcdel hinges upon the requirements
of the analysis and upon the availability of representative test
data. The selection criteria required that the material model be
able to respond to various effective stress paths, thus requiring
compliance between hydraulic and mechanical behavior of the soil.
In this study, Hujeux’s material model [1, 2, 3] was chosen to
simulate the constitutive behavior of the impervious core and
rockfill shells of the Upper Dam. This particular model is capable
of modellng shear as well as consolidation behavior of a material
along various stress paths. The Hujeux model is a parametric model
describing the coupled hydraulic and elastoplastic behavior of
30115, based on the theory of plast1c1ty' with strain soften-
1ng/harden1ng and the concept of critical state. It provides
improvements over the Cam-clay model [4] by better predicting soil
behavior beyond the critical line and by providing a more accurate
estimate of shear deformations beyond the elastic limit (Hajal,
1984 {3]).

For the foundation rock no triaxial data is available. The
foundation rock was modeled by a simpler constitutive model known
as Drucker-Prager model.

As a part of the exploration and testing program (1976) for
embankment construction materials and later under the quality
assurance program during the construction of the dam, a limited
number of laboratory tests was performed on the impervious core,
transition £ill and rockfill materials placed within the Upper Dam.
Laboratory testing consisted of determining +triaxial shear
strength, permeablllty, moisture content, density, Atterberg
limits, specific gravity and grain size dlstrlbutlon. These data
have been used for the determination of material properties, such

, permeabilities, densities, elastic constants, etc., and for the
callbratlon of the nonlinear material models used in the finite
element program to represent the stress strain behavior of the
soils.

The pre-processor PARASOLS available in GEFDYN was used to test the
Hujeux material models and compare their behavior in simulated CIU
triaxial tests to that of the actual materials. The results of the
simulation are shown in terms of shear stress vs. strain and pore
pressure vs. strain in Figures 2 and 3. It may be seen that there
is an overall excellent agreement between the prototype test data
and the model behavior for the selected set of parameters. The set
of model parameters that have been selected for impervious core,
upstream and downstream rockfill shell and foundation materials are
shown in Table 1. These parameters were used in the elastoplastic
analy31s of dam response during construction, impounding and
reservoir operation phases.
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3. FINITE ELEMENT MODEL

The maximum valley section at Sta. 14+00 of the Upper Reservoir Dam
is modeled in this study.

sufficient laboratory test results are not available for the
upstream transition zone, downstream filter and downstream drain
materials. Those zones, however, do not contribute to the overall
mechanical behavior of the dam, and therefore were not considered
as distinct zones in the finite element mesh. In the two-
dimensional finite element discretization, the impervious core,
upstream and downstream rockfill shells and the foundation rock are
idealized as an assemblage of quadrilateral and triangular
elements. The finite element mesh for the simplified section of
the Upper Dam is shown in Figure 1. The mesh consists of 1077
nodes and of 1024 elements.

The location of the nodes and elements was chosen in such a way as
to match actual locations of piezometers in the Upper Dam. This
makes it possible to directly compare pore pressures predicted by
the model with the dam performance record. The number of layers of
elements and their elevations were selected to match the dam
construction sequence delineated in Figure 4. No attempt was made
to simulate the actual lift thickness implemented to construct the
dam. However every attempt was made to follow the actual rate of
construction. All the reported pauses of construction activity
were incorporated in the timeline modeling the fill construction.

Three different types of elements have been used to model the Upper
Dam.

The central impervious core of the dam whose constitutive behavior
is simulated by the nonlinear Hujeux model, has been discretized by
triangular and quadrilateral isoparametric elements with a pore
pressure degree of freedom at each node. This particular
combination of element type and material model allows one to model
pore pressure development and dissipation with time and the
consolidation behavior of the soil. The soil under this condition
exhibits essentially undrained behavior.

The downstream shell of the dam was discretized by triangular and
quadrilateral isoparametric elements with the pore pressure degree
of freedom removed at each node. In other words, the downstream
shell is modeled as a drained material. :

The piezometer readings for the instruments located on the upstream
rockfill and transition: - £ill zones show them essentially free
draining (that is no excess pore water pressure) during impoundment
of the reservoir and daily drawdowns. No pore pressure buildup was
recorded during construction. In fact all the piezometer readings
showed the upstream shell to be dry during construction. For this
reason, the upstream shell, like the downstream shell, was modeled
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with triangular and quadrilateral isoparametric elements with the
pore pressures degree of freedom removed at each node. This makes
the upstream shell behave 1like a free draining zone. The
prediction of deformations requires the calculation of the correct
state of effective stresses and strains. In turn, the effective
stresses depend on pore pressures. Thus it is essential that the
pore pressures within the upstream shell be consistent with the
hydraulic head imposed by the upper reservoir pool. The Hujeux
material model under drained condition 1lets one define
independently the desired pore pressures by linking one of its
parameters to the pool elevation. Thus the upstream shell is
modeled as a drained zone where the pore water pressures used to
calculate the effective stresses at each element accurately reflect
the effect of the pool elevation.

The foundation rock, which is modeled by the Drucker-Prager
material model, is discretized with isoparametric gquadrilateral
elements with a pore pressure degree of freedom at each node. The
bottem of the foundation rock is assumed to be fixed and
impervious. The pore pressures at the upstream and downstream ends
of the mesh are assumed to be caused by the upstream pool and the
tailwater.

The interface seepage elements have been used at the interface
between the upstream and downstream shells and the core. .They have
also been used at the interface between shell and foundation.
Those elements serve two purposes. They make the interface between
the drained and undrained elements compatible and also they let the
seepage analysis be performed in the core and the foundation zones
modeled as undrained.

Simulation of Construction

Dam construction was simulated by adding successive layers to their
specified elevation, bringing the dam crest to the design El1. 3334
at the end of construction. The analysis of the response of the
dam to the loads applied during its construction is made necessary
by the nonlinear and irreversible nature of the relationship
between stresses and strains. The 434 feet (132 metres) of dam
£fill was constructed in 20 steps with an average height of 1ift of
about 22 feet (6.7 metres). The six months of pause in construction
activities when the £ill had reached El. 3053 and later El. 3220
were simulated. During these periods significant dissipation of
pore water pressures were predicted by the model.

Simulation of Reservoir Impoundment

Ten months of waiting period between the end of construction and

reservoir impoundment to El. 3320 were sinulated. The Upper
reservoir level rose from El. 2850 to maximum pool El. 3320 in two
months. The raising of the Upper Reservoir was simulated by 11

load steps in the finite element analysis.
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Simulation of Reserveir Operation

The final simulation covered the long term consolidation (over six
years) of the dam and daily cycles of reservoir operation. A total
of 59 load steps were used in the finite element model to account
for the six years of operation after the impoundment of the
reservoir. The first six months of reservoir drawdown and filling
was modeled. For the purpose of the analysis, the reservoir was
kept at maximum pool elevation of 3320 for the next 5 1/2 years to
evaluate the long term consolidation behavior of the dam f£ill.
Drawdown tests are performed at the Upper Reservoir dam
periodically. For the present study, one such drawdown test
performed during 05/31/91 and 06/01/91 (refer Fig. 10) was selected
to evaluate the capability of the finite element algorithm to model
the effect of daily cyclic operation of the reservoir. A total ten
steps of loading and unloading was assumed during which the
reservoir was drawn down from El. 3320 to El. 3253 and then filled
back to El. 3296.

4, RESULTS OF THE ANALYSIS
Porewater Pressure Data

Figure 4 shows graphically the measured response of piezometers
located in the upstream shell, impervious core and foundation of
Upper Reservoir Dam during its operation. Piezometers at the
downstream shell and chimney drain have recorded zero pressures
indicating that these zones are essentially dry during construction.
and daily operations. Figure 4 indicates that the Zone 4 materials
are correctly fulfilling their purpose as a fully drained zone in.
the upstream shell. The pore pressure response of this zone was
almost immediately and 100% to changing reservoir levels. This
fact is illustrated by piezometer 14PP102P located 100 £t (30
metres) from the reservoir. The pore pressures recorded by the
foundation piezometers upstream of the grout curtain indicate some
head loss in the foundation. The piezometric levels measured at
locations downstream of the grout curtain are about at the ground
surface or lower.

Figures 5 and 6 show the hydraulic regime predicted within the dam
and its core at the end of construction, end of reservoir filling
and at the end of six years of operations. Pore pressure reading
during impoundment is available for only one piezometer, 14PP110P,
located in the core of the dam. Figure 7 shows that the pore
pressure predicted by GEFDYN at that location is very close to the
measured pore pressure. A good agreement is achieved between the
predicted and recorded pore pressures in the dam core and shells.
The pore pressures in the foundation rock are less accurately
predicted.
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Settlement and Horizontal Movement

In order to monitor the horizontal movements and internal
settlement in the upper dam embankment during construction, two
inclinometers 161101 and 16I103 were installed. Inclinometers
16I101 and 16I103 are located in the shells 147.25 ft. (45 metres)
upstream from the axis and 253.3 ft. (77 metres) downstreamn,
respectively. ' '

Inclinometer 161101 recorded 15 in. (38.1 cm) of upstream
deflection by the time the dam had reached El. 3180. The maximum
deflection occurred at about one-half of the dam height. About 4
inches (10.2 cm) of deflection towards the left abutment was
recorded in the direction parallel to the dam axis. Inclinometer
161103 recorded about 9 inches (22.9- cm) of deflection in the
downstream direction at about the mid-height of the dam when the
dam under construction had reached El. 3180. About 7 inches (17.8
cm) of deflection toward the left abutment was recorded.

The vertical settlement along the centerline of the dam at the end
of construction, at the end of filling and after six years of dam
operation is shown in Figure 8. The vertical settlement predicted
under the crest at the end of reservoir filling is about 15 inches
(38.1 cm) as opposed to 7 inches (17.8 cm) recorded by the
settlement monuments. The crest settlement at the end of six vears
of operation is predicted to be about 18 inches (45.7 cm) as
opposed to about 22 inches (55.9 cm) recorded by settlement
monument . The difference between record and analysis is not
significant. The simulation shows the dam to respond immediately
to reservoir impoundment while record shows it to be progressive.
The horizontal deformations of the upstream and downstream shells
during construction phase are shown in Figure 9. The magnitude of
horizontal deformations were found to match very well with the
records of inclinometers 16I101 and 16I103. However the locations
where maximum deformations took place in the section of the dam are
different from that recorded by inclinometers 16I101 and 16I103.

The deformation of the dam section at the end of construction,
reservoir filling and six years of operation are shown in Figure
10.

Pcool Fluctuation Data

The piezometer response to the rate of reservoir drawdown and
£illing has been monitored over the last six years of reservoir
operations with the help of a large number of piezometers embedded
in the dam. The piezometric response (14PP110P) to the drawdown
test performed between 5/31/91 and 6/1/91 was used to check the
ability of the mathematical model to predict pore pressure response
to reservoir drawdown and filling. The numerical prediction and
the actual response of piezometer 14PP110P, located in the core of
the dam, to the drawdown test performed is shown in Figure 11. As
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can be seen from the figure, the pore pressure response within the
core is comparable to that of the actual record. The numerical-
model is found to model the long term consclidation behavior of the
impervious core very well.

5. CONCLUSIONS

In the present study, the general purpose finite element program,
GEFDYN, has been found to be an extremely good predictor of the
mechanical and hydraulic behaviors of an earthfill/rockfill dam.
The pore pressures and deformations predicted by the program at
different locations of the Upper Dam at Bath County are found to be
very close to the records obtained during the construction,

reservoir filling and six years of operation of the dam. No
attempt was made during the study to recalibrate these properties
to match the records of dam response. In other words, the

predictions of the numerical model presented in this report are the
true predictions of the mathematical model. The mismatch in pore
pressures and deformations in the foundation are due to a lack of
adequate tests for the foundation rock and simplification of the
foundation geometry.
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TABLE 1
. SUMMARY OF MATERIAL PARAMETERS

Material Impervious Rockfill Foundation
Core Shell Rock

Elastic Parameters

E (tsf) 350 400 200000
v 0.31 0.30 0.20
n .58 0.04

Frictional Parameters
¢’ (deg} 36 43 45
c’ (tsf) 0 0 l.QE+20

Critical State Parameters

B 65.82 42.0 _
e, at 1.0 tsf P .30 0.15 .
d 5.8 8.0 -

Dilatancy Parameters
¥ {(deg.) 39 43 45
a 0.6795 0.355%

Deviatoric Parameters

a 0.0003 0.7224 .
age 0.001 0.0016 .
b 0.29 0.224 .
ry 0.0001 0.0005 --
Tipe 0.05 0.0403 -—
" 1.0 0.9851 -
mbl

Isotropic Parameters

c 0.05 0.05 -

cecye 0.004 0.001 -

X 2.4 4.543 -

DLTELA 0.001 0.001 -
Permeability

k, (cm/=) 1.0x10° 1.0 1.0x10°

k (cm/s) 1.0x10% 1.0 1.0x107%
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FIGURE 4
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GEOMETRIC SCALE: 1" =253
DEFORMATION SCALE: 1" = 14"

BATH COUNTY DAM - DEFORMED MESH AT THE END OF 6 YEARS OF DAM OPERATION
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