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Foreword

The Fifth Benchmark Workshop on Numerical Analysis of Dams was held June
2-5, 1999, in Denver, Colorado, USA. The Workshop was the latest in a series of
workshops organized by the ICOLD Ad Hoc Committee on Computational Aspects
of Analysis and Design of Dams.

Consistent with previous Workshops, four problems were featured, two on concrete
dams and two on embankment dams. Computational analyses of the problems were
submitted in advance to the problem formulators and presented during the
Workshop. The problem formulators then prepared synthesis reports which
summarized the problem, analysis data and results. Also included in these
Proceedings are three papers presented during the Workshop Poster Session,

During the three years since the Fourth Benchmark Workshop was held in 1996, the
ICOLD Ad Hoc Committee finalized the report Reliability and Applicability of
Computational Procedures for Dam Engineering. 1 think that the report enables
the readers to recognize a hierarchy among phenomena which coatribute to
determine the safety of a dam — hierarchy which is based on two precise criteria of
selection. First, the relevance in applications must be considered, i.e.-major
emphasis has to be paid to phenomena most commonly faced by dam engineers;
second, emphasis must be placed on the reliability of available numerical
procedures.

Accordingly, the topics developed for the Fifth Benchmark Workshop reflect this
philosophy and try to respond to recommendations in the report.

Undoubtedly the addressed topics (the role played by peripheral joint and uplift
pressure in arch dams, the failure mode of overtopped gravity dams, the comparison
between classical analysis procedure and advanced methods in embankments, the
simulation of first filling of rockfill dams) are of great interest both for practicing
engineers and for analysts.

It is my hope that the solutions presented in this Proceedings will become the terms
of reference for the validation of numerical procedures and, at the same time,
constitute a useful reference in making modeling choices.

G. Giuseppetti

Chairman, ICOLD Ad Hoc Committee on
Computational Aspects of Analysis and
Design of Dams

Milan, Italy
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1. INTRODUCTION

Dam Description

Schlegeis Arch Dam was constructed under favourable
geological site conditions as double curvature arch-gravity
dam with a crest/height ratio of 5.5. The horizontal
sections designed in an elliptical shape, which permitted
optimum fitting into the unsymmetrical valley configuration.
The dam consists of 43 blocks, each 17 m wide. The blocks
have plane vertical joints (fig. 1).

The dam is provided with 4 horizontal inspection galleries
and the base gallery located at the foundation rock. The
upstream grout curtain originally consisted of a wvertical
main curtain beneath the dam base extending to a depth of 50
m, and a shallower secondary grout curtain extending from
the base gallery and inclined towards the upstream (fig. 2).
Because of the large span in relation to its height the dam
is monitored with a wide range instrumentation. The most
important surveillance instruments are five shafts with
direct and inverted pendulums extending to a depth of 80 m
below the dam base.

When top storage level was first reached in 1973, seepage
rates of 200 1l/s where measured in the middle part of the
base gallery. This water inflow was due to cracking in the
foundation xrock caused by tensile stresses. To reduce this
amount of seepage water a cut off wall was built in a total
of a eleven blocks. Since than the seepage rate at top
storage level has not exceeded of about 25 1/s.

The objective of Theme Al is to investigate the performance
of a wide spanned arch dam. The basic model assumption is,
that the dam body may decouple from rock foundation within
the interface tensile stresses evolve. The reason for that
assumption is the monitored system behaviour during the
first years of operation.

The assumed loading seguence for this benchmark is:

» dead weight loading - with independent columns
+ water loading

+ temperature loading

+ and uplift pressure loading.

The provided model is to investigate the possible opening of
a predefined joint between concrete dam and rock foundation.
Under full loading conditions the amount and extension of
the opening of the base joint as well as the influence on the
overall observed dam behaviour and block sliding stability
has to be calculated. This explanation is related to figures
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shown in appendix A.

A model with a reduced set of dof’s (degree of freedoms) is
provided in appendix B. The influence of different model
size on results will be elaborated.

2. ANALYSIS DATA

The main geometric data of the Schlegeis dam are:

« crest elevation 1783 m a.s.1.
e dam height 131 m

« crest length 725 m

« crest thickness 9 m

» base thickness 34 m

Two different kind of finite element models are suggested.
One fine discretized model and a model with coarser
discretization. Numbers in [] give the appropriate value for
the coarse model.

The Finite-Element Mesh for the dam and a sufficient portion
of the foundation on the basis of guadratic, isoparametric
20 and 15 node volume elements. Six [three] elements are
foreseen in radial direction at the base of the highest
blocks and three at the crest. Provision is made to
introduce contact elements in the interface between dam and
foundation. The mesh has about 50.000 nodes and resulting
into around 150000 degrees of freedom.

Elements Nodes
Dam 2553 (246] 12904 + 798 | [1369 + 108]
Rock 8170 [896] 38379 + 798 { [4713 + 108]
Interface 399 [54]

Table 1: Basic Data - Finite Element Mesh

Rock |Concrete
Young‘s modulus E [GPa] (for rock Epp) 30 25
Young's modulus‘E {GPa] (for rock El ) 10
Poisson ratio v -0.17 0.17
Density [kg/m’] 2400
Olp 8.107°

Table 2: Basic Data - Material Parameters

2
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For the rock foundation an orthotropic behaviour is assumed.
The rock is assumed as massless during analysis steps. The
plane of schistosity is defined in fig. 6. The rock consists
of Granite-Gneiss with a schistosity of 340/75 related to
Gauss-Kriger-System.

The loadings to be considered are

» selfweight of the dam

+ water load for full impounded reservoir
- uplift pressure

. temperatufe

The selfweight of the dam has to be applied on the individual
blocks (open block joints). Water load and uplift pressure
are as indicated in fig. 5. Temperature (relative to that
during joint grouting) will be prescribed at the upstream
and downstream surfaces of the central cross section and
assumed constant along the arches.

The joint behaviour is described by the following normal to
shear stress relation

L

friction angle (=45°
no tensile stresses allowed
for being transmitted

(p=45°

- O

Two sequences of analyses are suggested, a linear and a
nonlinear one. The linear analysis 1is referred to as

reference model. The nonlinear one should include the -’

opening of the dam-foundation interface and the influence of
the uplift pressure.

3. SYSTEM REQUIREMENTS

Model presented in appendix A [B]

The full model needs:

« 3.7GB [255MB] . ...Scratch file sizes
« 100MB [10MB] . ...Result file (last step only)
» 200MB..... ....... Memozry

ICOLD Fifth Benchmark Workshop



4. REQUESTED RESULTS

For each Case examined, results should be provided (on paper
and diskette) using the following instructions (requested
file format is attached).

+ Deformation in radial direction for block 0, 15 and 16
(nodes see fig. 9)

(def .dat)

= Extension and opening of base joint (1364 [205])
{open.dat)

» Maximum and Minimum principal stresses at the upstream
and downstream surfaces of the dam and for block 0 in
the cross section.

Stresses are required at nodes in Ascii file-list
(up.dat + do.dat)

e Normal and shear stresses at the dam foundation inter-

face along a radial line (block 0, 15 and 16) - nodes
see fig.9
{nor.dat)
mode (@04 s normal stress (o)
® ° B shear stress (1)
® L
L]
= ] = a -
a -]
]
= ]length

¢ Resultant forces (stresses integrated over block 0, 15
and 16) for fine model only acting on the foundaﬁion
and evaluating the safety margins (Mohr-Coulomb crite-
ria) - (s = N/T}, see fig. 10
(force.dat)

n
5 =
T
max
F = {Fx, Fy, Fz)}

Problem Al 5



Appendix A

Fig.l: Overview of the Schlegeis Arch Dam
Fig.2: Central Cross Section

Fig.3: denstream View of the provided Finite Element
Mesh

Fig.d: Interface Elements and Block Distribution
Fig.5: Dam Model, Water and Uplift Loading
Fig.6: Description of Schistosity

Fig.7: Node Order of the Brick and Wedge Element

Fig.8: Nodes for Evaluating of Deformation in Radial

Direction

Fig.9: Nodes for Normal and Shear Stress Evaluation

Fig.1l0: Abutment Elements for Block 0, 15 and 16
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Figure 2: Central Cross Section
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Figure 3: Downstream View of the provided Finite Element Mesh
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Normal water level 1782.0

! 655.82

100%

Uplift Pressure

Figure 5: Dam Model, Water and Uplift Loading

Figure 6: Description of Schistosity
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Hexahedron (brick) element Wedge (triangular prism) element

Figure 7: Node Order of the Brick and Wedge Element
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Figure 8: Nodes for Evaluating of Deformation in Radial
Direction
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Figure 10: Abutment Elements for Block 0, 15 and 16
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Appendix B

Fig.3: Downstream View of the provided Finite Element
Mesh

Fig.4: Interface Elements and Block Distribution
Fig.5: Dam Model, Water and Uplift Loading

Fig.8: Nodes for Evaluating of Deformation in Radial

Direction

Fig.9: Nodes for Normal and Shear Stress Evaluation
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Figure 3: Downstream View of the provided Finite Element Mesh
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Figure 5: Dam Model, Water and Uplift Loading
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Figure 8: Nodes for Evaluating of Deformation in Radial
Direction
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Figure 9: Nodes for Normal and‘Shear Stress Evaluation
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UPLIFT PRESSURE AND STRESS ANALYSIS
OF AN
ARCH DAM AND FOUNDATION

SYNTHESIS REPORT

Gerald Zenz*, Ernst Aigner¥*

1. INTRODUCTION

International Benchmark Workshops on Numerical Analysis of
Dams are intended to provide an in-depth examination of the
computational methods and software used for dam analysis.
This 4s an international forum to share the Ilatest
information regarding state-of-the-art software and
techniques available for analysis of dam behavior. For this
theme all participants used commercial software packages,
which shows that for this special purpose of analysis
developed programs are available.

This Benchmark Workshop theme Al is devoted to examine the
Schlegeis arch dam behavior based on idealizations of
numerical, geometrical and physical nature as explained in
the description of the problem formulation. Few additional
assumptions -~ described in the paper of the individual
authors - were taken by participants to carry out the
analysis with their available software.

From a high number of initially interested participants five
provided results which are the basis of this synthesis

report.

With these participations a possibility is given to the
community of Dam Engineers to discuss on assumptions,
results and conclusions drawn by the help of numerical

analyses.

* Verbundplan Consulting Engineers, Austria
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2. PARTICIPANTS - GENERAL REMARKS

Five Participants faced the challenging complexity of the
problem and provided results based on the given problem
formulation. An existing arch-gravity dam had to be analyzed
by means of the finite element technigue together with an
entire discontinuity at its dam base.

The calculations were carried out with three different
finite element programs, using penalty and/or the Lagrange
multiplier method for formulation of the contact condition.
Either quadratic or linear contact elements were used.

The applicability of numerical parameters to steer the
contact condition are on the participants responsibility and

were introduced according to the program code regquirements.

Short Program

Authors Compan Countr

Cut : pany Y used
H. Durieux Department of South

P1 . . DWA . . Ab
Cai Qingbo Water Affairs Africa aqus

. El ici

P2 P. Divoux EDF ectricite de France Gefdyn

: France
V. Rebecchi ISMES

P3 P. Palumbo ISMES, ENEL Italy Abaqus

. ENEL

G. Mazza
i' iZ?EZiCI University of

P4 ) . UNIB Bucharest Romania Ansys
R. Sarghiuta )
V. Vacarescu
G. Zenz Verbundplan

P5 E. Aigner VPL Consulting Austria - Abaqus
F. Perner Engineers

Figure 1: Table of Participants

For comparison reasons for the contact condition itself a
coarse and a fine discretized finite element model were
provided for the participants. However, the results
calculated with both models in general as well as to a
certain extent in detail are eqguivalent.

18
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3. COMPARISON OF RESULTS

By making reference to the table of participants (figure 2},
the shortcut mentioned there are used for each participant.

In addition to that the loading steps are marked with the
following step numbers:

» Dead Weight Leoading - Step 1

+ Water Loading - Step 2

+ Temperature Loading - Step 3

° Uplift Pressure Loading - Step 4.

$—¢ Pl DWA COARSE
G —— 9 P2A EDF COARSE
—0 P2 EDF FINE
[ P3 ISMES FINE
ENEL
G—f P4 UNIB COARSE
X o — X P5A VPL COARSE
—x P5 VPL FINE

Figure 2: Used Symbols for Participants

Participants P2 and P5 provided results for the coarse and
fine discretized model. In this case the coarse model is
indicated by dashed lines.

Throughout this text the shortcut shown in figure 2 for each

relevant participant is used.

Herein the block 0 is compared with minimum principal stress
values at up- and downstream side of the dam (no comparison
ig made upon the direction of stress values) and opening of
the dam base and its resultant compressive normal stress are
discussed. The radial displacements of block 0 are prepared
to see the overall deformation behaviour of the dam.

All additionally provided and detailed results for the
blocks 15 and 16 are attached in appendix &.
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Figure 3: Results evaluated at concrete blocks 0/15/16

Dead Weight Loading - Step 1

The dead weight loading of the dam was suggested (in the
problem formulation) by simulating independent concrete
blocks.

The stress distribution at the upstream heel of the dam
gives for most of the participants values above -6MPa. The
compressive stresses are lower for the coarse discretized
model. P2 uses a tension cut off model which explains the
zero stress values at dams downstream face (figure 4).

The model assumed by P4 results in compressive stress of
4.2MPa at the upstream side and shows higher compressive
stresses compared to others at the downstream dam face. This
behavior is explained due to the model modifications with
linear elements. The linearization of P4 results in a linear
stress distribution at the abutment.

The coarse model results of P2 and PS5 present lower
compressive stresses at the heel of the dam.

ICOLD Fifth Benchmark Workshop
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Figure 4: Dead Weight - Min.Prin.Stress Up-/ Downstream Block 0

The normal stress distribution provided by Pl along the base
of the dam in radial direction is always nearly twice as high
as the other results. With the provided data no direct
explanation could be found; the results found for blocks 15/
16 agree to other results provided

Hormal Strass [MPa)

. 5. 10. 15, 20. 25. 30. 3s.

Length (m]

Figure 5: Dead Weight - Normal Stress Block 0
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Water Loading - Step 2

For the dam upstream side the variation of min. principle
stresses are from 4.9 to 5.4MPa and are due to fine and
coarse model discretization {(comparison e.g. P2/P2A and P5/
PSA in figure 6).

At the dams downstream face the model linearization of P4
results in smaller minimum principal stress values.

a00. T T T t T T 500, T T T
Pl
T R R Y N SERET
P2a
P2
P3
FYTOR SOy ¥ s USRNSSRy R SRR ORI
2]
E PSA G
w725 2= P B
= =
o N ]
s i
x x
P T O S . N D S S S
75, ; ; : N U SO SR
#50 T
-6, -5, ~q . -3, -2. -1. 0. 1.
Hinimmm Principal Strecs [MPa) Hinimm Principal Stresa [(HPa])
Figure 6: StepZ2 - Min. Prin.Stress Up-/ Downstream Block 0
L1 T B
— Pl Fobeeeeenan Beeeoass S LT ETE T EEDE P CPETPRTE Teemniaes
PO T | S-S E R S : : : : : :
o — -0 P2A
o— P2
G—0 2]
PR S PP Y
[ s 7] P4 E
- z
E ¥ —— X PSA =
R .
© H
£ 3
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& -
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=
15,
Length [m) Length [mf

Figure 7: Step2 - Base Opening / Normal Stress Block 0
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The base joint opening calculated by P3/P4 1s 2.5mm in
maximum. P2 evaluated with the same model discretization
1.8mm. With the coarse model P2/P5 evaluated 1.5mm opening
at the heel of the dam. Pl calculated zero copening.

The general tendency of normal stress distribution is
differently evaluated by Pl. an adhoc explanation for that
behavior could not be found.

Full Loading Condition - Step 4

More or less the same stress distribution as seen for step 2
appears under full lcading condition (figure 8). The uplift
pressure acting in the base joint can be seen on the stress
diagrams.

v P2A

T50.

-
w
=
iml

725,

Haight [m]
1
Haight

675, : : : e s s fe e e PR

650.

Kininum Principal Stress [MPal

Binimum Principal Sctzess [HPa)
Figure 8: Step4 - Min. Prin.Stress Up-/ Downstream Block 0

The participants P2 and P3/P5 calculated openings at the
heel of the base joint between 4.5 to 4.9mm. The shape of the
deforming dam concrete surface at the abutment is slightly
different. The results of Pl show significant differences in

the opening.

P2 evaluated for the fine model for concrete blocks 15/16 a
different behaviour in the opening (to seen in Appendix A) -
this might be influenced by the contact condition.

The normal stress distribution are in general in accordance
with the joint opening. However, Pl evaluates a different
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shape of the stresgs distribution, which can be explained
from the differences already seen starting from dead weight
loading.

P2A
P2 .

Pl

]

(HPal

P5A
b2 R

Soening lmm)

Hoymal Stress

H H H i i i H i i
Q. 5. 1. 15. 20. 25, 0. 5. Q. 5. 10. 15. 29, 25, 0. 35,
length 1m] Length im)

Figure 9: Stepd4d - Base Opening / Normal Stress Block 0

TI5. oo

T50.

128, b

Height [mf

oo 0. i 30. 40. 50, &0. 76.

Radial Defermatien [mm]

Figure 10: Step4 - Radial Displacement Block 0

The overall radial displacements provided by each
participant are shown on figure 10. At the abutment
differences of about 10mm in the radial deformation appear.
This is due to individual sliding conditions assumed by the
participants. '
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Block Global [MPa] Local [MPal Safety
Fx Fy Fz Tmax N
0 401 .6 42.2 448 .4 427.0 426.3 1.00
P2 15 751.0 19.8 536.8 591.4 709.1 1.20
16 821.3 185.6 591.0 680.8 T71.2 1.13
0 - - - 436.0 436.0 1.00
P3 15 - - - 707.0 800.0 1.13
16 - = - 640.0 740.0 i.16
0 412.1 3.1 457.5 437.7 436.4 1.00
p5 15 773.1 15.8 564.1 607.1 739.9 1.22
16 801.2 190.1 587.8 659.6 774.9 1.18
Table 1: DEAD W., WATER L., TEMP., UPLIFT - Safety Factor:

As a result of this investigation a sliding factor of safety
in the plane of the abutment is evaluated. Due to different
assumptions of participants only for P2/P3/P5 these values
could be evaluated. The results show,
sliding factor of safety is 1.0 for all participants.
block 15 the sliding factor of safety is 1.20/1.13/1.22 and
for block 16 these values are 1.13/1.16/1.18.

The maximum differences for the sliding factor of safety are

at about 6%.

Block 0/15/16

that for block 0 the
For
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4. CONCLUSIONS

In general a converging solution for the analysis of a dam
based on an entire foundation joint could be found. The
numerical stability of the procedure implemented into the
finite element codes - with physical interpretable
parameters - were shown by the participants.

The radial displacements at the dam crest are calculated by
all participants within a range of 10% only. However, the
most comparable analyses are in a closer range. For example
provides the linearized model of P4 due to its less flexible
behaviour results of smaller radial displacement values.

At the abutment of block 0 the differences are due to the
different shearing flexibility of contact condition under
closed joint - which can be explained by the influence of
different numerical parameters on the simulated rhysical
behaviour. At this level P4 calculated the highest sliding
values and Pl the smallest. For Step 4 participant P4
calculated l1émm and Pl calculated 4mm sliding only.

The vertical stress distribution calculated equivalent under
dead weight by P2, P3 and PS5 respectively. The provided
results of Pl, which are - in concrete block 0 - about twice
of the aforementioned results and are not explained. Due to
the model linearization the results of Pl give a more linear
stress distribution with lower stress gradients.

The openings calculated by P2, P3 and P5 are comparable. Pl
presents small openings in block 0 due to the high vertical
stress but presents for block 15, 16 results comparable to
others. P4 calculated larger openings for block 0. For P2
and the fine model, the opening provided for block 15/16 are
diverging from other results.

In general a comparable solution (with more or less the same
additional numerical assumptions) for the problem were found

by three participants.
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APPENDIX A

UPLIFT PRESSURE AND STRESS ANALYSIS OF AN
ARCH DAM AND FOUNDATION

SYNTHESIS REPORT
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Content

o £ Comparison

DEAD WEIGHT - Step 1

Minimum Principle Stress
Block O

Upstream Downstream

Middle Principle Stress
Block 0

Upstream Downstream
Block O Opening - Normal Stress
Block 15 Opening - Normal Stress
Block 16 Opening - Normal Stress

DEAD WEIGHT, WATER LOADING - Step 2

Minimum Principle Stress
Block 0
Upstream Downstream
) Middle Principle Stress
Block 0
Upstream Downstream
Block O Opening - Normal Stress
Block 15 Opening - Normal Stress
Block 16 Opening - Normal Stress
Block 0O Radial Deformation
Block 15 Radial Deformation
'Block 16 Radial Deformation

DEAD WEIGHT,

WATER LOADING, TEMPERATURE

Step 3
Minimum Principle Stress
Block 0
Upstream Downstream
Middle Principle Stress
Block O

Upsfream Downstream
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DEAD WEIGHT, WATER LOADING, TEMPERATURE

Step 3
Block 0 Opening - Normal Stress
Block 15 Opening - Normal Stress
Block 16 Opening - Normal Stress
Block O Radial Deformation
Block 15 Radial Deformation
Block 16 Radial Deformation
FULL LOADING CONDITION - Step 4
Minimum Principle Stress
Block 0
Upstream Downstream
Block 0 Middle Principle Stress
Upstream Downstream
Block 0 Opening - Normal Stress
Block 15 Opening - Normal Stress
Block 16 Opening - Normal Stress
Block O Radial Deformation
Block 15 Radial Deformation
Block 16 Radial Deformation

FULL LOADING CONDITION with and without

UPLIFT

Block

0

Normal Stress - Shear Stress
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DEAD WEIGHT - Stepl

Minimum Principle Stress

Block O

Upstream Downstream

Middle Principle Stress
Block 0

Ups Lream Downstream
Block 0 Opening - Normal Stress
Block 15 Opening - Normal Stress
Block 16 Opening - Normal Stress
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Figure 2: DEAD WEIGHT - Middle Principle Stress: Block 0
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DEAD WEIGHT, WATER LOADING - Step 2
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Upstream Downstream
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Block O

Upstream Downstream
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Block 15 Opening - Normal Stress
Block 16 Opening - Normal Stress
Block O Radial Deformation
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Block 16 Radial Deformation
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Block 16
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Figure 19: DEAD WEIGHT, WATER LOAD, TEMP - Radial Deforma-
tion: Block 16
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LOADING CONDITION - Step 4

FULL
Minimum Principle Stress
Biock O
Upstream Downstream
Middle Principle Stress
Block 0O
Upstream Downstream
Block O Opening - Normal Stress
Block 15 Opening - Normal Stress
Block 16 Opening - Normal Stress
Block O Radial Deformation
| Block 15 Radial Deformation
Block 16 Radial Deformation
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Figure 20: DEAD W., WATER L., TEMP., UPLIFT - Minimum Prin-
ciple Stress: Block O
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Opening
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Figure 22: DEAD W., WATER L., TEMP., UPLIFT - Opening & Nor-
mal Stress: Block O
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Figure 24: DEAD W., WATER L., TEMP., UPLIFT - Opening & Nor-
mal Stress: Block 16
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FULL LOADING CONDITION with and without

UPLIFT

Block O

Normal Stress - Shear Stress
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Figure 27: Normal Stress - Shear Stress: Block 0
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LINEAR AND NON-LINEAR STATIC ANALYSIS OF AN ARCH DAM

Q. CAIY, J.H.DURIEUX?

ABSTRACT

A contact analysis of the Schiegeis Arch Dam in Austria was performed to investigate the
overall contact behaviour of the structure and to compare the results at the 5
international ICOLD benchmark workshop on numerical analysis of dams. The finite .
element code — ABAQUS was used for this task and the contact surface between the
concrete wall and rock foundation was modeled by the contact elements in the program.
The calculated results of inear and non-linear analyses are discussed.

INTRODUCTION

The use of contacting components, such as the analytical simulation of a cracked dam or
rock - structure interaction, is very common in the design of structures and also very
important in evaluating structural safety such as stability of arch dams. Problems are
naturally non-linear and therefore generally difficult to solve analytically. Numerical
solutions using the finite element method seem to be an attractive alternative. ABAQUS
has various interface surfaces and elements to model contact and friction conditions.

This 1s the first benchmark analysis on contact problems undertaken at Department of
Water Affairs & Forestry in South Afiica to evaluate the accuracy and versatility of the
ABAQUS program which has been used for the contact related analysis of the dam
structures in South Africa. Previously we used our own in-house developed program JNT
ARCH.

The analysis was carried out on a SUN ULTRA 5 workstation using SPARC 300 MHz
processor and Solaris 2.6 operating system.

The Schlegeis arch dam which was built between 1969 and 1971, is the main structure of
the Zemm power plant in Austria. The main geometric data of the dam is as follows:

1) Deputy Chief Engineer, Department of Water Affairs, South Africa
2) Chief Engineer, Depaitment of Water Affairs, South Africa
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o Height of concrete wall 131 m

e Crest length 725 m
e Crest / height ratio 55m
e Thickness of drest 9.0m
o Thickness at base 340m

The dam consists of 43 blocks each 17 m wide. Grouting of the joints was undertaken after
construction.

The foundation of the dam is composed of fairly uniform gneiss. It has schistosity planes
which are approximately parallel to the right bank abutment and has a very steep dip
towards downstream.

THE FINITE ELEMENT MODEL

The suggested finite element model was provided by the formulator of the problem —
Verbundplan Consulting Engineers, Austria.

The element types used in the analysis are 3 ~D second order brick and wedge elements.

Contact element type (INTERS) are used to simulate the interface between dam and
foundation. The basic data of the finite element mesh are shown in the following table 1:

Table 1: Basic Data — Finite Element Mesh

Elements Nodes
Dam 246 1477
Rock 896 4821
Interface 54
MATERIAL PROPERTIES

The material behavior of the concrete was assumed to be orthotropic for the gravity loading
(stepl) in order to simulate the construction of the dam. An isotropic concrete model was
assumed for the subsequent loading cases (step 2~4). The rock foundation was modeled as
an orthotropic material according to the direction of the schistosity.

The following material properties were used in the analysis:
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Table 2: Basic Data — Material Parameters

Rock Concrete
Young’s modulus E [ GPa] (for rock Ep) 30 25
Young’s modulus E [ GPa] (for rock EL) 10
Poisson ratio v 0.17 0.17
Density [ kg/m’] 2400
Thermal expansion coefficient ot 8x10°

The contact behavior of the interface between dam and foundation was modeled with an
isotropic Coulomb friction model with a friction angle of ¢ = 45°,

L.OADS

The following load cases as required were considered in the analysis:

LOAD CASE 1 (linear static)

Step 1: Gravity - with independent columns
Step 2: Step 1 (results) + hydrostatic loading
Step 3: Step 2 (results) + temperature loading
Step 4: Step 3 (resulis) + uplift pressure loading

LOAD CASE 2 (non-linear static, with the joint interface between the concrete wall and

rock foundation included)

Step 1: Gravity - with independent columns
Step 2: Step I (results) + hydrostatic loading
Step 3: Step 2 (results) + temperature loading
Step 4: Step 3 (results) + uplift pressure loading

The hydrostatic pressure and the uplift pressure were applied as shown in fig. 1.
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For the temperature loading condition, the distribution of a measured summer-temperature
field relative to the joint closing temperature supplied by the formulator was used.

LOADING SEQUENCE

Step 1 (dead weight loading) was the first analysis run with a dam material of only
significant vertical stiffness and very low tangential and radial stiffness. The stress state due
to dead weight was recorded on a result file and re-read into the second analysis (step 2, 3
and 4) as initial stress state. The following graph shows the sequence of analyses.

First Analysis: Step 1— Dead Weight

Jobl.inp

Save as results file

Stress State of Step 1

Job1.fil

Read the results file and save as stress.x

A Fortran Program to Read the
Stress State of Step 1

Stress.f

Stress state written on file stress.x 1s

re-read into the model as initial stress state

Second Analysis: Step 2 + Step 3 + Step 4

Job2.inp
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RESULTS

The output results are processed in the form of stress and displacement contours.

CASE 1 - linear model (without base joint)

The dead weight loading (step 1) is done for the purpose of simulating the construction
procedure. The minimum principal stresses (SP1) show a maximum compressive stress of
approximately 8 MPa at the heel of the dam. Along the toe of the dam the maximum
principal stresses (SP3) (tensile stresses) are between 0 MPa to 0.8 MPa for most of the
surface. For a small portion in the vicinity of the right abutment, the tensile stresses reach a
value of up to 1.3 MPa (refer to fig.3, 4,5 and 6).

For the full loading case (step 4), the minimum principal stresses (SP1) along the most of
heel decrease to about 0.7 MPa and are even in tension of 0,6 MPa in a small area of the
centre heel. The maximum value of compressive stresses are in the region of 8 MPa at the
toe. The maximum tensile stresses at the heel of the dam are approximately 5.8 MPa ( refer
to fig. 7, 8, 9 and 10).

The maximum radial deflection under full loading condition is 48 mm which occurs at the
top in the centre of the dam. ( refer to fig. 11)

CASE 2 - non-linear model (with base joint)

The dead weight loading (step1) has the same stress pattern as load case 1.

Under full ioading conditions, the base joint opens to a certain extent and the results
obtained are discussed below:

In general, compared to the linear model, an increase in the compressive stress occurs at the
toe of the dam. The tensile stresses along the heel decrease dramatically from the maximum
value of 5.8 MPa in load case 1, to below 0.7 MPa in case 2 (refer to fig. 12 to 15).

The opening of the base joint along the entire dam is shown in fig. 17. The heel in the
middle part of the dam is open to some extent on the base joint (refer to fig. 18).

The calculated maximum radial displacements are approximately 52 mm for the block 0.
The horizontal displacement at the crest for the load case 1 and 2 is shown in fig. 19. The

minimum and maximum principal stresses along the crown cantilever for the four steps in
load case 2 are shown in figures 20 and 21 respectively.
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The displacements in the radial direction for block 0, 15 and 16 in the four loading steps
are shown in the following four tables.

1. DEAD WEIGHT

Node | Def-x (m} | Def-y (m} | Def-radial (m)

BLOCK O
407 —-4,2020E-04 4,4220E~05 -4 ,2020E-04
412 ~4,8499E-04 4.7424E-05 -4.8499E-04
422 -5.5250E~04 4.9355E-05 -5.5250E-04
427 ~6.1298E-04 5.0370E-05 -6.1298E-04
437 -5.5658E~04 5.0662E-05 -6.5658E-04
442 -6.7793E-04 5.0205E-05 -6.7783E-04
452 -6.7704E-04 4,9252E-05 -6.7704E-04
457 -6.5232E-04 4.7506E-05 ~6.5232E~04
467 ~6.0443E-04 4,5452E~-05 -6.0443E-04
472 -5.3700E~04 4.3586E-05 ~-5,.3700E-04
482 -4 ,5095E-04 4.1231E--05 -4 .5095E-04
491 -3.7414E-04 3.9217E~05 -3.7414E-04
508 ~2.8673E-04 3.8204E-05 -2.8673E-04
1362 -2.1800E-04 3.8139E~05 -2.1800E-04
1080 -1.3885E-04 3.6897E-05 -1.3885E-04
1081 -6.9232E-05 3.4640E-05 -6.8232E~05
1082 —-1.0034E-05 3.1440E-05 -1.0034E-05

BLOCK 15
622 -1.,3523E-03 T7.751%E-04 ~-1.5441E-03
635 -1.2607E-03 6.9200E-04 -1.4208E-03
enz -1.1647F-03 6.1301E-04 ~1.2966E-03
665 ~1.0612E-03 5.3490E-04 -1.166%9E~-03
682 -9.5241E~-04 4.5512E-04 -1.0320E-03
695 -8.3590E-04 3.6725E~04 ~-8.8608E-04
716 -7.0018E-04 2.6994E-04 =7.1911E-04
1359 ~6,.2734E-04 2.2152E-04 -6.31%4E-04
1063 -5.6011E-04 1.5680E-04 -5.3810E-04
1064 -3.6573E-04 ~7.7869E-06 -3.6224E-04
1065 —-1.6763E-04 -1.7982E-04 ~2.2734E-05

BLOCK 16
105 -1.4615E-03 -5.8186E-04 ~1.5371E-03
121 —-1.3534E-03 -4.9713E-04 -1.4000E-03
135 -1.2379E-03 -4,1941E-04 ~1.301%E-03
151 ~1.1142F~-03 ~-3,.4563E-04 -1.2041E-03
165 ~9.8946E~04 -2.7391E-04 -9.7347E~04
185 -8.6041E-04 -1.9774E-04 -8.3043E-04
206 -7.1582F~-04 -1,1927E-04 -7.0040E-04
1367 -6.3736E-04 -8.0126E-05 -6.1234E-04
1303 -5.645158-04 —2.9095E-05 -5.3517E-04
1263 -3.7250E-04 9.7253E-05 -2.5476E-04
1204 -1.8150E-04 2.2848E~-04 -2.2706E-05
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2. DEAD WEIGHT + WATER LCAD

Node | Def-x {(m) | Def-y {(m} | Def-radial (m)
BLOCK 0
407 5.9600E-02 -1.9611E-04 5.9600E-02
412 5.8341E-02 -6.6665E-05 5.B431E-02
422 5.6796E-02 6.9997E-05 5.6796E-02
427 5.4655E-02 2.0526E-04 5.4655E-02
437 5.1699E-02 3.3233E-04 5.1699E-02
142 4,7954E-02 4.4785E-04 4,.7954E-02
452 4,3378E-02 5.5001E-04 4.,3378E-02
457 3.8039E~02 6.4598E-04 3.8039E-02
467 3.2103E-02 7.2734E-04 3.2103E-02
472 2.6138E-02 7.9812E-04 2.6138E-02
482 2.0139E-02 B.5597E-04 2.0139E-02
491 1.5886E-02 B8.8198E-04 1.5886E-02
508 1.1924E-02 9.0270E-04 1.1924E-02
1362 9.3479E-03 9.1354E-04 9.3479E-03
1080 7.0565E~-03 9.1532E-04 7.0565E-03
1081 5.5460E-03 9.0450E-04 5.5460E-03
1082 4.2680E-03 8.7514E-04 4.2690E-03
BLOCK 15
622 4.1063E-02 -1.8646E-02 4.3898E-02
635 3.7519E-02 -1.7185E-02 4.0200E-02
652 3.3830E-02 -1.5547E~-02 3.6279E-02
665 2.9852E-02 -1.3607E-02 3.1945E-02
682 2.5550E-02 -1.1313E-02 2.713BE-02
695 2.0975E-02 ~8.7201E-03 2.1931E-02
716 1.6393E~-02 -5.9870E~-03 1.6634E-02
1359 1.4333E-02 —-4,7027E-03 1.4218E-02
1063 1.2329E-02 -3.4880E-03 1.1891E-02
1064 8.6480E~-03 -1.1838E-03 7.5688E-03
1065 5.8033E-03 4.8623E-04 4.2964E-03
BLOCK 16
105- 3.8847E~-02 1.3882E-02 3.9974E-02
121 3.5499E~-02 1.3283E-02 3.6863E-02
135 3.2062E~-02 1.2475E-02 3.3557E-02
151 2.8393E-02 1.1342E-02 2.9882E-02
165 2.4449E-02 9.8564E-03 2.5683E-02
185 2.0260E-02 8.0703E~03 2.1309E-02
206 1.6045E-02 6.1054E-03 1.6716E-02
1367 1.4011E-02 5.0919E-03 1.4463E-02
1303 1.2028E-02 4.1265E-03 1.2279E-02
1263 8.4828E-03 2.3137E-03 8.3264E-03
1204 | 5,5818E-03 9.6191E~-04 5.1654E-03
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3. DEAD WEIGHT + WATER LOAD + TEMP.

Node | Def-x (m) | Def-y {m) | Def-radial {m)
BLOCK 0
407 4.7277TE-02 9.3030E-0¢6 4.72T7E~-02
412 4.,7524E~-02 1.1007E-04 4.7524E-02
422 4.7615E~-02 2.1838E-04 4,7615E-02
427 4.7082E-02 3.2704E-04 4.7082E-02
437 4.5565E~02 4.3038E-04 4.5565E-02
442 4.3038E-02 5.2410E-04 4.3038E-02
452 3.9508BE-02 6.0762E~04 3.9508E-02
457 3.5052E-02 6.8610E-04 3.50525-02
467 2.9861E~-02 7.5241E~-04 2.9861E-02
472 2.4493FE-02 8.1000E-04 2.4493E-02
482 1.9000E-02 8.5659E-04 1.9000E-02
4191 1.5074E~02 §.7698E-04 1.5074E-02
508 1.138%E~-02 8.9304E-04 1.1388E~-02
1362 8.9781E-03 9.0140E~04 8.8781E-03
1080 6.8203E-03 9.0079E-04 ©.8203E-03
1081 5.3954FE~-03 8.8982E-04 5.3954E-03
1082 4.1795E-03 8.5899E-04 4.1795E-03
BLOCK 15 ‘
622 3.2636E-02 ~-1.3291F-02 3.3855E-02
635 3.0586E-02 -~1.2821E-02 3.2045E-02
652 2.8352E-02 -1.2152E-02 2.9868E-02
665 2.5711E-02 -1.1108E-02 2.7140E-02
682 2.2561E~-02 -9,.5911E-03 2.3719E-02
695 1.8928F-02 -7.6304E-03 1.9645E-02
716 1.5071E-02 -5,3766E-03 1.5215E-02
1359 1.3277E-02 -4,2657E-03 1.3116E-02
1063 1.1506E-02 -3.1934E-03 1.1059E-02
1064 8.1853E~-03 -~1.1144FE-03 7.1600E-03
1065 5.5813E-03 4.2997E-04 4,1551E-03
BLOCK 16
105 3.1300E~-02 9.99778-03 3.1540E-02
121 2.9354FE-02 1.0132E-02 3.0001E-02
135 2.7278E-02 1.0043E-02 2.8230E-02
151 2.4844E~02 9.5866E-03 2 .5957E-02
165 2.1842E-02 8.6814E~-03 2.3045E-02
185 1.8581E-02 7.3553E-03 1.9517E-02
206 1.4984E~-02 5.7235E-03 1.5623E~02
1367 1.3181E-02 4.8315E~-03 1.3630E-02
1303 1.1396E-0Q2 3.9602E-03 1.1662E-02
1263 8.1361E-03 2.2787E-03 8.0194E-03
1204 5.4178E-03 9,8926E~-04 5.0448E-03

70

ICOLD Fifth Benchmark Workshop




4. DEAD WEIGHT + WATER LOAD + TEMP. + UPLIFT

Node | Def-x (m) | Def-y (m) | Def-radial (m)
BLOCK 0
407 5.0854E-02 -5,3134E~-04 5.0854E-02
412 5.1182E-02 -3.1183E-04 5.118B2E-02
422 5.1359E-02 —-9,2831E-05 5.1359E-02
427 5.0905E-02 1.1751E-04 5.0905E-02
437 4.9441E~-02 3.1152E-04 4.9441E-02
442 4,69265-02 4,8377E-04 4,.6926E~-02
452 4.3353E~02 6.3589E-04 4.3353E-02
457 3.8777E-02 T.7365E-04 3.8777E-02
467 3.3365E~-02: B.B971E-04 3.3365E-02
472 2.7664E~-02 9.8704E-04 2.7664E-02
482 2.1703E-02 1.0637E-03 2.1703E-02
491 1.7338E-02 1.0853E-03 1.7338E-02
508 1.3145E-02 1.11578-03 1.3145E-02
1362 1.0345E-02 1.1226E~03 1.0345E~-02
1680 T.7773E-03 1.1183E-03 7.7773E-03
1081 5.9428E-03 1.0827E-03 5.9428E-03
1082 4.3117E-03 1.0196E~03 4.3117E~-03
BLOCK 15
622 3.7576E-02 -1.4562E-02 3.8643E-02
635 3.5338E~-02 -1.4160E~-02 3.6626E~02
652 3.2929E~-02 ~1.3534E-02 3.4336E~02
665 3.0111E-02 -1.25045E-02 3.1476E-02
682 2.6763E-02 —-1.095%E-02 2.7881E-02
695 2.2899E-02 ~8.9174FE-03 2.3575E-02
716 1.8742E-02 -6.5052E-03 1.8811E-02
1359 1.6778E-02 ~5.2895E-03 1.6513E-02
1063 1.4828E-02 —4,0888E-03 1.4235E-02
1664 1.1055E-02 ~1.6732E-03 9.7731E-03
1065 8.0790E~03 4,.1897E-04 6.1382E-03
BLOCK 16
1065 3.3062E-02 9.5767E-03 3.2765E-02
121 3.1085E-02 9.8991E-03 3.1315E-0Q2
135 2.9001E-02 9.9825E-03 2.9624E-02
151 2.6542E~-02 9.6785E-03 2.74178-02
165 2.3591E-02 §.8975E-03 2.45338-02
185 2.0148E~02 7.6625E-03 2.0988E-02
206 1.6420E-02 6.0712E-03 1.7008E-02
1367 1.4535E~02 5.1757E-03 1.4944E-02
1303 1.2649E-02 4.2868E-03 1.2884E-02
1263 9,1475E-03 2.5363E~-03 8.0019E-03
1204 6.1364E-03 1.1298E~-03 5.7182E-03
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CONCLUSIONS

The results of this static analysis show that the compressive stresses are relatively low and
within the allowable limits. The maximum compressive stress is approximately 11.3 MPa
which occurs in load case 2.

In the linear elastic case (load case 1), the tensile stresses along the heel, especially in the
niver sectton, are higher than the allowable tensile strength of the concrete with a
maximum value of 5.8 MPa.

When comparing load case 1, the stress re-distribution process caused by the base contact
model was significant. A reduction in the maximum tensile stresses of up to approximately
88% was encountered as well as an increase in the compressive stresses of up to 41% and
8% in horizontal displacement at the crest.

In the base joint included case (load case 2) under the full loading (step 4), the base joint is
open to approximately one third of the base thickness mainly in the river section on the
upstream side. The maximum opening at the upstream heel is approximately 6 mun.
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Fig. 8 CASE1l: Maximum (SP3) Principal Stresses — Step 4 (Full Loading) Upstream
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Fig. 15 CASE2: Maximum (SP3) Principal Stresses — Step 4 (Full Loading)
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Fig. 16 CASE2: Horizontal Displacement (U1) — Step 4 (Full Loading)
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Fig. 18 CASE2: Contact Pressure Contour — Step 4 (Full Loading)
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Fig. 19 CASE 1 AND 2: Horizontal Displacement at Crest Level
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DESIGN AND ANALYSIS OF ARCH DAMS - EFFECTS OF BLOCK
JOINTS NON-LINEAR BEHAVIOUR AND PROPAGATION OF THE
UPLIFT PRESSURE.

Patrick DIVOUX *

INTRODUCTION

The behaviour of concrete dams is greatly influenced by the non-
linear behaviour of discontinuities, i.e. block joints, concrete
lift joints and dam-foundation contact.

Concrete dam stability or design analysis are rerformed using
interface elements to model the behaviour of the dam-foundation
contact and the block joints. Considering the proposed method,
effects of dam construction scenario, thermal shrinkage, joint
grouting scenario, as well as effects of water level and concrete
temperature variations can be estimated. Openings, stresses and
uplift pressures propagation at the dam-foundation contact are
directly computed.

The rock foundation matrix and the dam's concrete are materials
that are first assumed to be elastic. Structure's non-linearities
are mainly concentrated at the block jeints and the concrete-rock
contact, and follow a non linear hydromechanical constitutive
law.

In the case of the Schlegeis arch dam, four computations have
been performed with the software GEFDYN in order to estimate the
effects of the non-linear behaviour of the dam-foundation contact
and the effects of three different numerical methods used to
model the construction of the dam.

*Electricité de France

Centre National d’Equipement Hydrauligue
Savoie Technolac

73373 Le Bourget du Lac cédex

France
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MATERIAIL BEHAVIOUR

Foundation behaviour

The foundation is modelled with volume elements separated into two

parts

¢ the layer of elements in contact with the dam-foundation
interface is called material F1

¢ the other elements are calied material F2.

Behaviour of material Fl :

It follows an isotropic lineaxr elastic law :

¢« E = 30 GPa Young modulus

e v = 0.17 Poisson’s ratio

Behaviour of material F2 :

It follows an orthotropic elastic law (figure 1).

The direction of the plane of shistosity is constant and given by
the following angles :

¢ a=150.1° angle of strike with respect to v axis
e bh=750 angle of dip
Piane of schistosity

Dip, 75°

@ 2
UG

)

Figure 1 - An orthetropic elastic law

to model a plane of schistosity

. s =7
The five parameters of this law S = % 2
are : =5 7
s FE;=30 GPa Young modulus for the -
direction parallel to the plane W=-Jﬁ. %=_E£=_E§
of schistosity &x &z &2
° v1=b.17 Poigsson’s ratio for the from Rock Mechanics - Walter Wiltke

direction parallel to the plane
of schistosity

* G;=E;/2(1+v,)Shearing modulus for shear loading in the plane of
schistosity

* E,=10 GPa Young modulus for the direction perpendicular to the
plane of schistosity

* v;=0.04 Poisson’s ratio in the direction perpendicular to the
plane of schistosity

* G; = E2/2(1+vy) = 0.4808 Pa Shearing modulus for shear loading
in planes perpendicular to the plan of schistosity
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Dam-foundation contact behaviour

The dam foundation contact is modelled with gquadratic interface
elements.

These elements follow a five parameters Mohr-Coulonb elastoplatic
law (figure 2). The parameters are :

e k, = 10 GPa/m Normal stiffness
¢ k., = 10 GPa/m Shear stiffness
e ¢ =0 Cohesion

e ¢ = 45° Friction angle

e Wy 0e° Dilatancy angle

The dilatancy and the cohesion are nil in order to foliow the
prescribed behaviour. :

Results of a cyclic shear test under constant normal stress

Normal displacement (mm)
Shear stress {MPa)

5 25 T ﬁ-——.: T
af-—-- [} 1
3fp=-- 2""'-'F£IE-'-T-—-T---—-
by O Y e ik ket Rl
.- 1 I b’i——
0 t + 1——-—&=$--—+———+———-
atk 1 ;:;_...
2 -—Fy--- v i et
L= iy Bt o b L :b=‘___|
+F- Tl i :
5—2.5 “15 ~0.5 05 15 25 -u‘s-z,s “1,5 05 25 15 25
Shear displacement (mm} Shear displacement (mm)
Incremental loadings and responses
Normal relative displacement {mm) Shear stress (MPa)
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Figure 2 - A Mohr~Coulomb elastoplastic law to model
the dam foundation contact behaviour
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Dam : Behaviour 1

The dam is modelled with volume elements separated into two parts
* the layer of element in contact with the dam-foundation is
called material D1

¢ the other elements are called material D2.
The dam density is 2.4.

Behaviour of material D1 :

The concrete D1 follows an isotropic linear elastic law :
e B = 25 GPa Young modulus

+« v = Q.17 Poisson’s ratio

Behaviour of material D2 :

During construction (dead weight), the concrete D2 follows an

orthotropic elastic law.

At a point located inside the dam volume, the radial direction is

given by the subroutine ORIENT.f. The local axes {(1,2,3) are

defined as following

¢ axe 1 : vertical equal to z

* axe 2 : horizontal and in the radial direction

¢ axe 3 : horizontal and in the tangential
direction

The plane (1,2) is vertical and oriented in the
dam radial direction. The behaviour law is a
function of the posgition of the integration
point considered.

The five parameters of this law are :

¢ E;=25 GPa Young modulus for the direction
parallel to plane (1,2)

¢ v;=0.17 Poisson‘s ratio for the direction
parallel to plane (1,2)

* G=E1/2{1+v;}) Shearing modulus for shear
loading in plane (1,2)

* E,=10° Pa Young modulus for the direction perpendicular to plane
(1,2)

* Vv;=0.0 Poisson’s ratio in the direction perpendicular to plane
(1,2)

s G,=10° Pa Shearing modulus for shear loading in planes
perpendicular to plan (1,2)

After construction (hydrostatic load, thermal load, uplift
pressure), the concrete D2 follows an isotropic elastic law

* E = 25 GPa Young modulus
s Vv = 0,17 Poisgson's ratio
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Dam : Behaviour 2

During construction (dead weight), the dam concrete follows a no-
tension law.

The radial direction of a point located into the dam is given by
the subroutine ORIENT.f. The local axes (1,2,3) are defined as
before

e axe 1 : vertical ecqual to z

¢ axe 2 : horizontal and in the radial
direction

e axe 3 : horizontal and in the tangential
direction

SRR VTRAEIRR 1552 P PR AR e

® 120" 140° 160°

0° 200 406° ®0° 80° 10 ° 180°

Figure 3 - Radial direction of a point located on
the upstream face of the dam

At every integration point, a linear elastic stress state (S,
Syyr Szzs Sxys Syz. Szx) is computed. A rotation of the stress tensor
from (x,y.z) axes to (1,2,3) axes is performed to obtain the
following stress tensor (831, Sa2, Sz, Sizs Sz3, S31) .

Then, the stress tensor is modified in order to apply the no-
tension law : '

e if S33>0 (tension) then 833 = 0
® S33 = 831 = 0

From the modified stress tensor, the inverse rotation gives the
modified (S, Syys Szz, Sxys Syz: Szx) Stress tensor.

The two parameters of thigs law are :
» E = 25 @GPa Young modulus
o v = 0.17 Poisgon’s ratio

After construction (hydrostatic Ilocad, thermal load, uplift
pressure), the dam follows an isotropic elastic law :

e E = 25 GPa Young modulus
e v = 0,17 Poigson‘’s ratio
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Dam : Behaviour 3

The dam is modelled with volume elements (material DV) and
vertical interface elements (figure 4, material ©DJ) which
separate every column of volume elements.

Figure 4 - Interface elements - Vertical block joints
and dam-foundation contact

Behaviour of the dam concrete (volume elements DV)
The concrete DV follows an isotropic elastic law for every types
of loading.

o E = 25 GPa Young modulus
o v = (.17 Poisson’s ratio

Behaviour of the vertical block joints (interface elements

DJ)

Block Jjoints are modelled with a no-tension Mohr-Coulomb
elastoplastic law. The relative normal displacement. of the joint
at closure (6:) has to be taken into account as a state variable
in order to model joint grouting.

During construction, the following parameters have been
~consgidered : ‘

* k, = 10 GPa ' Compressive joint stiffness (= 0 in tension)

e k., = 0 GPa Shear stiffness

* c and ¢ has no influence as k; = 0

s WY = 0° Dilatancy angle

* 0, = 0 at every integration points

During joint grouting

* k, = 10 GPa Compressive joint stiffness (= 0 in tension)
¢ k., = 0 GPa Shear gtiffness

¢ c and ¢ has no influence as k, = 0

» W= (° Dilatancy angle

° 8 = 3, for opened integration points, = 0 if closed
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During the next loading (hydrostatic load, thermal load, uplift

pressure), the following set of parameters was considered
o k, = 10 GPa Compressive joint stiffness (= 0 in tension)
¢ k., ¥ 10 GPa Shear stiffness

s ¢ =0 Cohesion

e @ = 45° Friction angle

L e Dilatancy angle

-]

O, is unchanged

NUMERICAL HYPOTHESES

Numerical integration

Results (especially stresses) obtained from finite eéelement
computations with interfaces often show some numerical
oscillations caused by the interpolation functions in the
element. To solve this numerical problem, it is possible to
reduce the stress gradient by refining the mesh but this
operation is difficult in 3D. -

Another possible method is to use 18 node interface elements with
a Newton-Cotes numerical integration order 3. Integration points
are located on the element nodes and no 1nterpolat10n is needed
in the element.

At the present time, 18 node interface elements as well as 27
node volume hexahedron are not implemented in GEFDYN software.
Computations were done with 16 node interface elements and a
Gauss numerical integration order 3.

Evaluation method and convergence criteria

The modified Newton-Raphson method was used to perform all the
calculations whose results are presented in this paper. This
algorithm seems to be very robust, although not very effective.
‘As few calculation stages are necessary to perform guasi-static
calculations, this algorithm is sufficient to model the non-.
linear behaviour of joints.

Convergence is reached if the two criteria for strength and
displacement are complied with.

[E-Eof _,

e

Relative residual displacement : "_4 "Pm<:017

[9: - s

Relative residual strength :
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DESCRIPTION OF THE MODELS

Table 5 presents the different computations performed considering
different behaviours for the dam and the dam~-foundation contact .

F. E. model Dam behaviour Contact behaviour
Smallmodel 1 | Small Behaviour 1 : Elastic
Orthotropic law
Small model 2 | Small Behaviour 1 : Elasto-plastic
Orthotropic law
Big model2 [Big Behaviour 1 : Elasto-plastic
' Orthotropic law
Small model 3 [Small Behaviour 2 : Elasto-plastic
No-tension law '
Small model 4 |Small Behaviour 3 : Elasto-plastic
Block joints
elements

Table 5 - Computation performed, hypotheses

A comparative analysis of the results is performed to understand
the effects of the hypotheses chosen on the dam behaviour.
The following points are studied :

* the mesh refinement,
¢ the non-linear behaviour of the dam-foundation contact,
¢ the method used to model the dam construction.

REMARKS AND ANALYSIS

Remarks on model 1

All the elements of the model (dam concrete, foundation rock and
dam-foundation contact) have a linear behaviour. Each computation

‘step needs only one equilibrium iteration.

Dam construction :

The stress state obtained at the end of the construction steps
shows no tangential stresses in the dam in order to reproduce the
construction scenario of dam (step by step). It seems that
tension stresses in the dam-foundation contact are very low and
that the stress state computed is in good agreement with the real
one.

However, as the Young modulus in the tangential direction is very
low compared to the usual concrete modulus, we observed important
and unrealistic tangential deformations of the dam. Thus, the
strain state of the dam after the construction step is difficult
to analyse.
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Hydrostatic and thermal lcading

At the end of the impounding of the reservoir, high tension
stresses are computed in the upstream part of the dam-foundation
contact. These results have no physical reality.

Remarks on model 2

The only difference between models 1 and 2 is the behaviour of
the dam-foundation contact. The interface law is elastic in model
1 and elastoplastic with a Mohr-Coulomb criteria in model 2.
Considering the model 2 hypotheses, computations have been
performed on the small and on the big model. Results are mnot
significantly different but the most refined mesh gives most
accurate values along the dam-foundation contact.

As for model 1, there are no tangential stresses in the dam at
the end of the construction step (figure 6). At the end of
impounding there is no tension astresses at the toe (figure 7)
because the dam-foundation contact is partly opened.

0 : Z.

Figure 6 - Small model 2 - Stress state at the end of the construction
- step -

—— —t— . .
S S L
—= ~—

o’ ~

I
——i
—trm

0 _.‘[_t %

Figure 7 - Small model 2 - Stress state at the end of the impounding
step (dead weight + hydrostatic load)
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Figures 8 and 9 show the significant effect of the uplift
pressure on the opening at the dam-foundation contact. The
thermal load leads to an increase of the temperature in the dam.
Effects are the dilatation of the concrete and the reduction of
the opening of the dam-foundation contact.

BIG MODEL 2 - BLOCK 0 - Opening

0.008 I I | I ) I

0.007 ~»-Block § - Dead welght L

—+—Block 0 - Dead weight + Hydrostatic load

0.006 |
z —+—Block ¢ - Dead weight + Hydrostatic ioad + Thermal foad
£ 00051 ~+~Block 0 - Dead welght + Hydrostatic load + Therma! load + Uplift pressure
g .
E oo <]
Q
o \\
T oeo
-l
E 0002
oot R
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3 oo ] ., I
o J— - * S

0,008 <

-0.002

0 5 10 15 20 25 30 as
Upstream Distance from upstreats face (m) Downstream

Figure 8 - Big model 2 - Relative normal displacement along the dam-
foundation contact of the central cantilever

BIG MODEL 2 - BLOCK 0 - Normal stress
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Figure 9 - Big model 2 - Normal stress along the dam-foundation contact
of the central cantilever
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Figure 10 shows that the radial displacement at the dam for
different loadings. The thermal load have a significant effect on
the displacements at the c¢rest. When the uplift pressure is
applied, a 4 mm sliding of the central cantilever was computed in
the upstream-downstream direction. Direct pendulum located in the
dam can’t measure such deformation.

SMALL MODEL 2 - BLOCK 0 - Radial displacement

Ly i I I I
—~+-Block 0 - Hydrostatlc load

1
780 -
—+~Block § - Hydrostatic load + Thermal load! x /
4

=

760 | ——~Block ¢ - Hydrostalls load + Thermal load + Uplitt pr

. / /j/

=
700 7

Elavation {m)

680 /,
Pe P

0.00 0.01 602 - 0.03 0.04 0.05 0.06 0.07
Radial displacement {(im)

Figure 10 - Small model 2 - Radial displacement of the
central cantilever

Remarks on model 3

Dam construction

The main differences between the regults of models 2 and 3 are
observed after the dam construction. In the dam, compressive
tangential stresses are not equal to zero with model 3 because of
the Poisson’'s ratio effect. The compression at the toe (figure
1l1) and the radial displacement at the crest in the upstream
direction are higher with model 3 than with model 2.

The thermal shrinkage of the concrete leads to the partial
cpening of the block Jjoints. At the end of the construction,
tangential compressive stresses in the dam are not equal to zero
with model 3 whereas they are equal to zero with model 2.
However, the tangential displacements and the strain state of the
dam obtained with model 3 are more realigtic than those obtained
with model 2.

Hydrostatic and thermal loading :

Results with model 2 and 3 are very similar. The compressive
stress computed at the toe at the end of the construction is
higher with model 3 than with model 2 and the opening of the dam-
foundation contact at the end of the impounding is lower (figure
12) .
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The no-tension law used to model the dam behaviour during
construction could have been used during the impounding of the
reservoir to simulate the opening of the vertical block joints
{(if tension).

Block 0 - Normal stress

e S
- J///Wﬂ

~4000 /
~a— Small modef 1 - Dead welght
—+— Small model 2 - Dead weight
6000 4
—o— Big model 2 - Dead weight
—— Small model 3 - Dead weight
=8000 [

—— Small model 4 - Dead weight

Normal stress (kN'm2)

=10000

)] 5 10 15 . 20 25 a0 35
Distance from upstream face {m) Downslream

Pigure 11 - Normal stress along the dam-foundation contact of the
central cantilever - Comparison of the results obtained
with models 1, 2, 3 and 4
Loading : Dead weight

Block 0 - Relative normal displacement
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Figure 12 - Relative normal displacement along the dam-foundation
contact of the central cantilever Comparison of the results obtained
with models 1, 2, 3 and 4
Loading : Dead weight+Hydrostatic load+Thermal lcad+Uplift pressure
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Block 0 - Radial displacement
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Figure 13 - Radial displacement of the central cantilever - Comparison
of the results obtained with models 1, 2, 3 and 4
Loading : Dead weight + Hydrostatic load

Remarks on model 4

Compare to model 2 and 3, it is not necessary to have the radial
direction of a point intoc the dam to model ite behaviour during
congtruction.

Dam construction

The use of vertical block joints allows to take into account and
to analyse the effects of thermal shrinkage and joint grouting on
the mechanical behaviour of the dam. Thermal shrinkage clearly
shows the discontinuities on the stress state along the dam-
foundation contact at the intersection between block Joints.
Joint grouting under high pressures (0.5 to 1 MPa) can lead to a
gsignificant increase of the compression at the toe.

Another advantage of this method is the possibility to model
accurately and eagily the dam construction steps and the joint
grouting scenario.

Hydrostatic and thermal loading :

Radial displacements obtained with model 4 (figure 13) are

slightly greater than the ones obtained with model 2 and 3

because :

® the behaviour of the dam zremains non-linear during these
loadings (no-tension in the joint).

* under high compression, the normal compressive stiffness of the
block joints allows some deformations. The normal stiffness of
the vertical joints or the Young modulus of the concrete have
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to be estimated in order to adjust the computed and the
measured displacements of the dam.

In model 4, the thermal shrinkage has not been taken into account
and a zero Jjoint grouting pressure is considered in order to
compare the results of the different models.

CONCLUSION

The behaviour of Schlegeis arch dam have been computed for
different types of loading.

The GEFDYN software was used taking into account recent
developments especially on the interface elements.

Three methods were used to model the dam construction with
independent columns. Two of them are based on the knowledge of
the radial direction of the points located into the dam, the
third takes intoc account the non-linear behaviocur of the vertical
block joints.

Results obtained are in good agreement. However, the third method
allows to medel the joint grouting and the thermal shrinkage of
the dam.
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STATIC ANALYSIS OF SCHLEGEIS DAM
INCLUDING THE EFFECTS OF CONCRETE-TO-ROCK
AND VERTICAL JOINTS

V.Rebecchil!, P.Palumbo?
G.Mazz3®

ABSTRACT

Schlegeis dam has been analysed using finite element method
both neglecting and comsidering the joint located at the
rock to concrete contact. The effect of such a joint has
been pointed out through the evaluation of stresses in the
body o©of the dam and joint openings for different loading
conditions.

INTRODUCTTION

The non-linear behaviour of an arch dam was the subject of
Theme Al during the Third Benchmark Workshops (see
Ref.[1]). At that time an effort was made to analyse the
static behaviour of the dam taking into consideration the
presence of structural discontinuities represented by 4
large vertical joints.

Results obtained by different authors were substantially in
agreement with each other, whence it was possible to draw a
positive conclusion about the reliability of finite element
codes used, at least for what concerned the kind of
analysis carried out.

The verification of resgults, in compliance with the CICG
ICOLD Bulletin 94 (see Ref. [2]), is defined “validation”
and represents the first aim in the development of the
Benchmark Workshops activities devoted to enable the dam
engineering community to set up reliable computational
tools for the numerical analyses of dams.

The further phase (the “justification”, see Ref.[2])} should
now be faced. The Al theme of the present Fifth B.W. is a
step in this direction, since the matching of numerical
analysis and observed behaviour is attempted for the first
time. The Schlegeis dam has been selected by the formulator
for the analysig. The dam is provided with 'a perimeter base
joint which separates the dam from rock foundation. By

'ISMES S.p.A., Serxriate (Italy)
?ISMES S.p.A., Seriate (Italy)
*ENEL S.p.A.-Polo Idraulico Strutturale, Milano (Italy)
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comparing analytical results with experimental data
collected during the first life phases of the dam it will
be possible to acquire a deeper knowledge about the ability
of numerical procedures in reproducing observed behaviour.

1.0 MODELS, MATERIALS AND LOADS

To run the proposed analyses, the refined finite element
model suggested in the Specifications was adopted (about
150.000 d.o.f.). In the following, all data about modelling
choices and loading conditions will be outlined.

The suggested geometry, including a large rock foundation
volume, is reported in Fig.1l.

x\ i
\\§§
NERN—
N t:E\
\ \ \‘\:§E
(| ]
\\\

S L
Figure 1. F.E. model with foundation rock

The whole model is formed by 20 nodes hexahedron and 15
nodes pentahedron elements. Two different models were set
up to run the analyses: a linear monolithic model without
perimeter joint and a non-linear wmodel including the
perimeter joint.

Both the analyses were carried out using the F.E. code
ABAQUS version 5.8.
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Rock foundation

According to B.W. specifications, rock foundation has an
orthotropic stiffness matrix (except for the first row of
elements below the dam), with the orthotropy axes oriented
like the schistosity plane. The Young moduli parallel and
normal to the schistosity plane are equal to 30 and 10 GPa
respectively. Poisson ratio has been assumed equal to 0.17.
Rock foundation has been assumed massless.

Dam body

The dam body is wmodelled using 6 elements through the
thickness at the base and 3 at the top. The Young Modulus
of concrete has been assumed equal to 25 GPa, with a 0.17
Poisson ratio and a concrete density egual to 2400 kg/m’.
The thermal expansion coefficient has been assumed equal to
8 10°°.

Perimeter joint

The perimeter base joint has been modelled using 18 node
contact elements. A ‘“softened” behaviour was chosen to
allow for a faster convergence, with a “zero pressure
clearance” c=1 mm and a “pressure at zero clearance” p0=10
kN (see Fig.2).

contact
pressure

pld 3
R\\\“\hh____q“ ' clearance
J

|
e

Fig.2 Normal pressure-clearance relationship

A  “penalty function” formulation was adopted for the
sliding behaviour. An “elastic s=lip” of 1 mm is allowed
before real sliding can take place. For displacements lying
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in the joint plane smaller than 1 mm an elastic behaviour
is considered. For displacements greater than 1 mm a
Coulomb friction coefficient equal to 1 is adopted.

Loading phases

Four consecutive loading phases were considered:

1. Dead weight

2. Hydrostatic pressure for the top reservoir level (1782 m
a.s.l.)

3. Temperature loading assuming node temperatures as
reported in specification file

4. Uplift pressure, assuming 100% of hydrostatic pressure
under the first two upstream rows of finite elements.
This load condition was not applied to the monolithic
dam.

2.0 ANALYSES

The effects of the construction phase have been taken into
account using a dedicated finite element model of the dam
body characterised by an orthotropic stiffness matrix with
a very low Young modulus in the arch direction. The low
module in the arch direction makes the different vertical
blocks of the dam work almost independently, avoiding the
development of arch stresses. Dam stresses for the
selfweight load computed with this model have been then
applied to the isotropic model of the dam to complete the
loading phases.

A monolithic linear model has also been set up to check the
influence of the base perimeter joint on the structural
behaviour of the dam. Results in terms of displacements and
stresses relevant to both models (monolithic and with
Joint) are reported in the following.

Displacements comparigon

Deformed configuration for the monolithic dam under the
final loading condition (selfweight + hydrostatic pressure
+thermal loading) is shown in Fig.3. The maximum upstream-
downstream displacement is equal to 49.1 mm.
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Fig.3 Total displacements for monolithic dam

Displacements under the same loading conditions (plus the
uplift pressures acting along the base joint) are reported
in Fig.4; maximum upstream-downstream displacement is equal
to 53.1 mm.

i
1

Fig.4 Total displacements for dam with perimeter joint

The direct comparison between Fig.3 and 4 shows that the
principal effect of base joint is the increased upstream-
downstream rotation of the dam base. The wmagnitude of
displacements shows just small changes. Radial
displacements along the height of central cantilever for
the non-linear model are reported in Fig.5a for the
selfweight and in Fig.5b for the remaining loading
conditions.
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Fig.5b radial displacements on central cantilever

As it can be noted, maximum radial displacements due to
selfweight are about 1 mm upstream, while the hydrostatic
pressure brings the maximum radial displacement at 60 mm
downstream on the crest (node 499) and about 8 mm
downstream at the dam base (node 9507). subsequent thermal
load reduces radial displacements in the central-upper part
of the dam, while the uplift pressure adds 1-2 mm
downstream.
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Stress comparisgson

For a basic understanding of the influence that the
perimeter joint has on the static response of the dam, a
direct comparison between maximum principal stresses
computed using the linear model on the one hand and the
non-linear model of Schleigeis dam on the other has been
carried out. The presence of perimeter Jjoint can play a
fundamental role in defining the stress state, reducing
cantilever tensile stresses that can be developed near the
dam-rock interface. While dam displacements relevant to the
selfweight Ilcading condition show an upstream component
(which can cause cantilever tensile stresses on downstream
face}, the hydrostatic loading activates the arch mechanism
of the dam which tends to make both upstream and downstream
faces of the dam work in a compressive stress state.
Figures 6a and 6b show the comparison between maximum
principal stresses at the upstream face for the monolithic
model of the dam and for the non-linear one respectively
under self weight plus hydrostatic load.

Line number: 1 2 3 4 5 6 7
Stress [MPal: -1.6 -0.8 -0.5 =~0.3 =-0.1 0.0 0.1

Fig.6a Upstream max princ. stress on for monolithic dam
(selfweight+hydrostatic load)

13

=

o e ] e
s %L’?//,___//H//
. = e /

Fig.6b Upstream max princ. stress on for dam with joint
{selfweight+hydrostatic load)
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The only significant differences between the two models are
located at the dam base, while in the dam body the effect
of perimeter joint seems to be negligible.

A similar conclusion can be drawn also for the downstream
face of the dam. Figures 7a and 7b show maximum principal
stresses for the two F.E. models; a general agreement with
just a slight increase of tensile stresses for the model
with the perimeter joint is highlighted. The spotted
appearance of stress contours is due to the fact that
computed stress values are near to zero.

Maximum principal stresses scale
Line number: kN 2 3 4 5 6 7
Stress [MPa]: -1.0 -0.8 -~-0.5 -0.3 -0.1 0.0 0.1

Fig.7a Downstream max princ. stress for monolithic dam
(selfweight+hydrostatic load)

Fig.7b Downstream max princ. stress for dam with joint
(selfweight+hydrostatic load)

As a final result, with regard to the stress state in the
dam body, Figures 8 and 9 show the contours of maximum and
minimum principal stresses at upstream and downstream faces
of the model with perimeter joint under the complete load
sequence. Maximum tensile stresses in the dam body are
located at the downstream face (Fig.8b) where a quite large
area shows wvalues beyond 0.1 MPa. No remarkable tensile
values are located at the upstream face. -
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Maximum principal stresses scale
Line number: 1 2 3 4 5 6 7
Stress [MPal: -1.0 -0.8 -0.% -0.3 -0.1 0.0 0.1

Figg.8a,b Max princ. stress for dam with joint
(selfweight+hydrostatic load+thermal load+uplift)

Minimum principal stresses =zcale
Line number: 1 2 3 4 5 6 7 8 9
Stress [MPa]: -4.5 -3, -3.0 =-2.5 =-2.0 -1.5 ~-1.0 ~-0.5 0.5

Figg.9%a,b Min princ. stress for dam with joint
(selfweight+hydrostatic load+thermal load+uplift)
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Compressive stresses beyond 3.5 MPa are Ilocated both at
upstream and downstream faces (Fig.%a and 9b) where wide
zones of the dam undergo compressive stresses greater than
3.5 MPa {(contour line 2).

Joint openings, sliding and stresses

Line contours of openings of the perimeter joint have been
drawn for each 1loading condition to investigate the
behaviour of perimeter Jjoint. Since a “softened” contact
behaviour has been implemented for the joint (see Chap.1),
these contours should be viewed as a qualitative indication
about distribution of openings and not as a precise
evaluation of punctual openings values.

Scale for joint openings
Line number: 1 2 3 4 5 6 7 8
opening [mm] : 0.25 0.5 0.75 1.0 2.0 3.0 4.0 5.0

Fig.1ll joint opening under selfweight

For the selfweight loading condition the largest openings
are located downstream (Fig.11), while under the selfweight
plus hydrostatic lcad the maximum openings are located at
the upstream and reach a value of about 4 mm near the
central cantilever (Fig.1l2).
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Fig.12 joint opening under selfweight+hydrostatic load

The subsequent application of thermal load (Fig.13) tends
to reduce the upstream maximum openings without changing
the general deformed shape too much. With the application
of uplift pressures (Fig.14) the upstream openings increase
remarkably, attaining the value of 6 wmm.

Fig.1l3 joint opening under selfweight+hydrostatic
load+thermal load
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Fig.1l4 joint opening under selfweight+hydrostatic
load+thermal load+uplift

3.0 CONCLUSIONS

Linear and non linear finite element analyses have been
carried out to analyse the static behaviour of Schlegeis
arch dam. Results indicate that the effect of perimeter
joint dominates the stress state near the dam base, but has
little influence on maximum and minimum principal stresses
developed in the central part of the dam.

Computed openings of perimeter joint reach their maximum
value near the upstream of central cantilever.

Direct comparison of these results with experimental data
collected during the first 1life phases of the dam will make
it possible to have a measure about the adequacy of such an
analysis to provide reliable information on the static
behaviour of the dam.

4.0 REFERENCES

[1] Proceedings of the *“Third Benchmark Workshop on
Numerical Analysis of Dams”; Paris (France), September
29-30 1994,

[2] Computer Software for Dams. Validation. Comments and
Proposal. CICG ICOLD Bullettin 94; 1994.

112 ICOLD Fifth Benchmark Workshop



STATIC ANALYSIS OF AN ARCH DAM-FOUNDATION SYSTEM
TAKING INTO ACCOUNT UPLIFT PRESSURE

Adrian Popovici*, Lucian Lefter**, Radu Sarghiuta¥*,
Constantin Vacarescu*

1. INTRODUCTION

The paper aims to investigate the performance of the
Schlegeis arch dam from Austria, which is a wide spanned
arch dam. The main geometric data of this dam (fig. 1) are
the followings:

1 Bottom ouilet 5 Access tumnel

¢ S50 10m 2 Boitom oublet ] ¢ Drainage funnel
3 Pressure funnet 7 Spillway

& Valve chamber

_ 8 4 9. 3 L5 : 3 4
780 %y - y Dom crest 1763.00m < Top waber level 1782.00m g
L
ra T T e T
1w 3N, hmq‘ ] T o f”,//
1660 AR =~ e
36E0 . ﬁk://
EAST BANK o< 6 G WEST BANK 3
. _/ . 3 2
\./ r
Q__ 50 «KOM 1 fspection galery & Grout curfain 1 nspection galleries
2 Bottom gallery S Elastic diapragn wall 2 Grout curfain
3 Spillway diversion tunnet 6 Botom outlet 3 Elustic dighragm wall

Figure 1. Schlegeis dam: a — layout, b — central and longitudinal
sections.

* Technical University of Civil Engineering - Bucharest
** studies and Consulting Institute for Energetics - Bucharest
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® dam height 131 m

# crest length 725 m
» crest/height ratio 5.5

" crest thickness S m

= base thickness 34 m

The dam consists of 43 blocks, each of them having 17 m
wide. Some incidents have appeared during dam's operation.
In 1973, when the reservoir reached maximum level, the
seepage flow measured in the base gallery from the dam
upstream toe was 200 1/s. This water seepage was provoked
by cracking of the dam-foundation contact in the dam
upstream toe. In order to reduce the water seepage a cut
off wall was carried out in a total of eleven blocks from
the dam's central zone. After this remedial work, the
maximum seepage flow corresponding to maximum level in
reservoir has not exceeded 25 1/s.

A dam—-foundation standard and respectively, small finite
element model with contact elements in the interface
between dam and foundation was proposed by the formulator
of the problem - Verbundplan Gm b H Salzburg, Austria - in
order to simulate the behaviour of the Schlegeis dam. In
the present paper, the small finite element model was
considered. It consisted of 6080 nodes and 1142 bricks and
wedges elements with 20 and respectively 15 nodes per
element. ’
The analysis was performed with well-known commercial
computer code ANSYS 5.5. (Swanson Analysis System, Inc.
1928). The computer code was run on a PC PENTIUM MMX 200
MHz .

2. MATHEMATICAL MODEL

The dam body were discretized with the SOLID25 element
type, brick and wedge with 20 and respectively 15 nodes per
element. The foundation were discretized with the SOLID45
element type, brick with 8 nodes. A number of 246 bricks
(wedges) elements were used to discretize dam body and
respectively 896 elements for foundation discretizing.
Three rows of elements were considered on dam's, thickness
from top to bottom. Also, 18 rows of element blocks were
considered in the dam longitudinal profile. The formulator
proposed bricks with curved sides to discretize dam body,
but some o©of them were not accepted by BANSYS because of
their shape (distorsion degree)}. Consequently, the curved
bricks were equivalated by bricks with linear sides, and
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the coordinates of the middle side nodes were computed
again averaging the coordinates of the corresponding corner
nodes. However, the middle side nodes from the dam and
foundation elements adjacent to contact zone were
eliminated in order to save the computer time.

Asgsociated Target Surfaces

\_/\F/ Contact Eicmcnts\/_l\/

Surface of Solid/Shell Element

Figure 2. CONTAC173 3-D sSurface-to-Surface Contact Element (4
nodes) {(BNSYS 5.5. computer code).

The contact dam-foundation was modeled with CONTAl173 3-D
Surface-to-Surface Contact Element (fig. 2)}. This element
is used to represent contact, gap and sliding between 3~D
“target” surfaces (TARGE170) and a deformable surface,
defined by this element. It is located -on the surfaces of
3-D solid or shell elements, and it has three degrees of
freedom at each from its corner nodes: translations in the
nodal x, y, and z directions. The element has the .same
geometric characteristics as the scolid or shell element
face with which it is connected. Contact occurs when the
element surface penetrates one of the target segment
elements, on a specified target surface. Coulomb and shear
stress friction is allowed.

TARGE170 is used to represent various 3-D “target” surfaces
for the associated contact elements. The target surface is
discretized by a set of target segment elements (TARGE170)
and is paired with its associated contact surface via a
shared real constant set. Any translation or rotation
displacement, also forces and moments can be imposed on the
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target segment element. The target surfaces can be rigid or
flexible. For flexible targets, the target segment elements
will overlay the solid elements describing the boundary of
the deformable target body.

In the present model the contact elements were connected to
the faces of the dam body brick elements adjacents to the
dam-foundation interface. The corresponding targets overlay
the face of the foundation brick elements adjacents to the
dam~foundation interface. Consequently, the dam-foundation
interface was modeled as flexible-flexible contact
surfaces.

N

. T 4 F 7
" r
:ﬁu &
Figure 3. General view of the finite element mesh - small model.

A total number of 54 contact elements, respectively 54
“target” surfaces were used to model dam-foundation

interface. The interface coefficient of friction, p = 1.00
was considered for Coulomb friction and no tensile stresses
are allowed on normal directions to dam-foundation
interface.

Also an aditional condition concerning Tiimit siiding < 100 MPa,
was imposed in order to have sticking contact between
contact element and its “target” surface.

In the fiqure 3 can be seen a general view of the finite
element mesh for the small model case, which was adopted in
the present analysis.

3. INPUT DATA

The formulator of the problem gave the input data. The rock
foundation was assumed with orthotropic behaviour. In the
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table 1 are presented the main material parameters
considered in analysis.

Table 1
Parameter ' Material type
Rock Concrete
Young's Modulus E [GPa] (for rock EII) 30 25
Young's Modulus E [GPa] {for rock EL) 10
Poisson ratio v 0.17 0.17
: 3
Density [Kg/m’] 2400

The following four load hypotheses were analysed:
1. Dead weight
2. Dead weight + Hydrostatic load
3. Dead weight + Hydrostatic lcad + Thermal load
4. Dead weight + Hydrostatic load + Thermal load + Uplift
pressure.

4. TECHNICAL ASPECTS

The analysis was performed using a PC PENTIUM MMX (200 MHz,
32 Mb RAM).

The computation time for a load hypothesis wvaried between
5900 ... 6600 seconds.

The contact element (CONTAl73 3-D Surface to Surface) used
in the analysis being nonlinear, it requires an iterative
solution. Some input data concerning the characteristics of
the contact elements respectively, p = 0.75 and Tiimit siiding =
20 MPa which were used in an initial stage of the analysis
provoked problems of convergence of solutions..

It can be remarked, in the preliminary stage of the
analysis, the dam-foundation interface was modeled with
threedimensional point to point contact elements (spring)
named CONTAC52-3D, existent also in ANSYS elements library.
This three-dimensional interface element represents two
surfaces which may maintain or break physical contact and
may slide relative to each other. However, this model was
abandonded because of low rate of convergence of solutions
and numerical instabilities.

5. RESULTS OF THE ANALYSIS
The results are provided according to formulator

instructions. A linear analysis free of contact elements on
the dam-foundation interface was performed in order to

Problem Al 117



emphasize the effects of nonlinear analysis versus a
standard solution.

biock 0 bleck 16

Defintition of the madial angle:
Gobal coondinate system

Figure 4. Characteristic sections through finite element mesh:
a — radial sections, blocks number 0, 16 and 15;
b — dam—-foundation interface section.

In the figure 4 are illustrated some sections through
finite element mesh corresponding to radial sections,
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blocks number 0, 16 and 15 and respectively dam-foundation
interface section.

Some output results {contours of horizontal radial
displacements, contours of ©principal stresses, stress
diagrams) are presented in Figure 5...9.

The openings of the base Jjoint in those four load
hypotheses examined are presented in Figure 10.

a
.331E-03 L331E-03
00634 . 00634
.012348 .012348
018357 .018357
.024366 .024366
.030374 030374
.036383 .036383
.042391 .042391
.0484 0484
.054408 054408
b
L3435-03 .
,D07096 081673
.013847 -007168
620508 .012663
.027349 -01815%
0341 . 023654
.040851 -02513
.047602 - 034645
: 04014
.054353
.061104 -043636
051131

-

Figure 5. Contours of the horizontal radial displacements in the
dam central section (block 0) [m] in the load hypotheses No.Z and
No. 4, linear and nonlinear analyses [m].
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Figure 6. Contours of the maximum principal stress {o,) in the
nonlinear analysis and different load hypotheses [kPa].
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Upstream face
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Figure 7. Contours of the minimum princiﬁal stress (o;) in the
nonlinear analysis and different load hypotheses [kPa].
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Hypothesis No. 2
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Figure 8. Contours of the maximum and minimum principal stresses
in the dam section (block 0) nonlinear analysis and load
hypotheses No. 2 and No. 4 [kPa].
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Figure 9. Normal (0,) and shear (T, ) stresses in the central

section (block 0} along a radial line of the dam-foundation
interface f[kpPa].
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6. CONCLUDING REMARKS

The small model used in the present analysis had the
advantage of smaller computer resource consumption. The
results obtained can be considered as satisfactory for the
point of view of the model ability to simulate the real
behaviour of the Schlegeis dam (Popovici, Popescu, 1992).
The linear analysis for the dam foundation monolithic
system, pointed out the highest risk for cracking of the
dam-foundation contact in the central upstream toe dam zone
because of excessive wvertical tensile stresses. (Popovici
et al, 1992).
The nonlinear analysis using contact elements to model the
dam-foundation interface has offered the possibility to
evaluate the opening of a predefined joint between concrete
dam and rock foundation.
Some relevant comments may be done about the results of the
nonlinear analysis, as follows:
¢ Applying the dead weight on monolithic dam finite
element mesh with contact elements on dam-foundation
interface, some openings appeared in the abutments
downstream toe zone of the dam (fig. 10, hypothesis
No. 1). As a matter of fact, due to large span of
the dam site, the stress state loading dead weight
on dam’s independent columns could not differ
significantly versus loading dead weight on
monolithic structure.
¢ The impounding of the Schlegeis dam reservoir
conducted to some opening of the contact dam—
foundation at the upstream toe zone, central blocks
number 0, 1 and 2; The maximum opening reached 3.09
Tom .

¢ The temperature field of the dam body given by
formulator had generally little influence on strain
and stress state of the dam.

o The uplift pressure applied on the one third of the
dam-foundation surface from its upstream zone
conducted to increase of the area from the dam
upstream toe zone presenting openings of the contact
dam-foundation. The maximum opening of the dam-
foundation contact from central zone reached in this
fourth hypothesis 6.67 mm.

e The uplift pressures diminished the global normal
loads acting on dam foundation, but the contact
remained closed on the large area in the downstream
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zone. The maximum radial displacements on the
contact dam~foundation area reached 49 mm.

¢ Finally, it may be remarked that results performed
by mathematical model used in this analysis are
compatible with physical real behaviour of the dam.
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ARCH DAM ANALYSIS WITH BASE JOINT OPENING

Gerald Zenz*, Ernst Aigner*, Franz Perner¥*

1. ABSTRACT

The Schlegeis Arch Dam was designed as double-curvature
arch-gravity dam in a wide spanned wvalley. The design and
safety analyses were carried out with linear numerical
modelsg. As it is shown, the linear analysis provides an
appropriate representation of the overall bearing behavior
¢t the structure. Since the firgt impounding the dam is
operated under planned conditions.

However, during the first filling of the reservoir
unexpected high seepage into the Dbottom gallery was
monitored. This was explained by local deformations at the
dam’s upstream heel. The construction of an elastic cut off
wall solved the seepage problem.

To find an appropriate model for the interpretation of
measured data and to derive an answer for the structural
safety and integrity - considexing this local phenomena - a
detailed finite element model was developed. The linear
analysis results show tensile stresses at the upstream heel
of the dam. Paying attention to the geological site
condition the model was updated with a perimetral base joint
at the abutment, to allow the separation of the dam from the
rock. To reduce the computational effort afterwards a coarse
model was discretized.

This contribution deals with the numerical model assumptions
and discussion of results gained with a continuous base
joint over the entire dam abutment. The results show an
opening of the base joint. The arch dam bearing behavior
enables a safe redistribution of stresses. The results of
these investigations are intended for further discussions in
the community of Dam Engineers.

Keywords: Arch Dam Analysis, Base Joint Opening,
Stress Analysis, Dam Safety Assessment

* Verbundplan Consulting Engineers, Austria
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2. DESCRIPTION OF SCHLEGEIS DAM

The Schlegeis arch dam is the main structure of the Zemm
power plant in Austria. The dam was concreted between 1969
and 1971. The first filling was commenced in 1970 and full
storage level was reached 1973.

The main data of the dam are as follows:

« HMHeight 131m

» Crest length 725m

+« Crest width 9m

+ Maximum dam thickness 34m

+ Total Concrete Volume 960000m>

. Live Storage 127 Mill.m?

The foundation of the dam consists of fairly uniform gneiss.
It’s schistosity plane strikes approximately parallel to the
right bank abutment and has a wvery steep dip towards
downstream. The intercalation of soft biotite schists in the
schistosity plane of the gneiss has a thickness of up to
several decimeters.

The grout curtain was built vertical at a distance of about
am off the upstream dam toe. Due to the grout curtain a
permeability of 1 Lugeon was achieved. About 3m off the
grout curtain an inspection gallery which is open towards
the rock was located directly on the surface of the
foundation rock. Drainages were drilled from this gallery
and from downstream to relieve the pressures in the lower
part of the dam foundation.

RBehavior of the Dam

The dam is installed with different kind of instrumentation
system as these are:

« Plumb lines down to 80 m depth into the foundation
» Extensometers and Piezometers

+ Uplift pressure cells embedded on the dam foundation.

The readings taken during the first £filling confirm the
behavior of the dam predicted by computations. However for
the dam foundation a different behavior was envisaged.

During the first £illing of the reservoir, a maximum rate of
gseepage of about 250 l/sec were encountered. The
extensometer readings suggested a clear relationship between
the width of rock joints beneath the upstream toe of the dam
and the seepage flow.
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Measurements of uplift pressure showed values of about 100%
of the reservoir head upstream the inspection gallery,
whereas downstream of the gallery the uplift pressure was
reduced to 10% of the reservoir head in maximum.

Measures taken to improve the situation

Based on extensometer readings it could be elaborated, that
high strains occur in the uppermost part of the foundation
rock (of about 5m in depth) in a c¢lose vicinity to the
upstream dam base. These led to the opening of cracks into
the grout curtain and resulted in high seepage inflow into
the gallery. Due to the presence of the gallery the uplift
pressure could be reduced significantly.

To prevent this water seeping into the gallexy an elastic
cut off wall was constructed with 6 m into the rock and made
by boreholes of 128mm in diameter. The upper part of the cut
off wall is integrated into a reinforced concrete vault
sealing the inspection gallery towards downstream.

After completion of the grouting works a drainage curtain
inclining towards downstream was drilled.

After completion of the works the amount of seepage were
reduced to 25 1/sec without increasing the uplift pressure
which impairs the stability of the dams.

3. SYSTEM DESCRIPTION

Finite Element Mesh

The Finite-Elemente discretization for the dam and a
sufficient portion of the foundation is made on the basis of
quadratic, isoparametric 20 and 15 node volume elements. For
the fine mesh 6 elements are foreseen in radial direction at
the base of the highest blocks and three at the crest. The
dam has 2553 elements and the foundation 8170 (see fig. 1).
The coarse mesh has three elements in radial direction over
the whole dam with 246 elements for the dam and 896 elements
for the foundation. In both cases contact elements are
introduced between the dam and the foundation.
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Figure 1: Downstream View of the Fine Finite Element Mesh

Material Behavior

The material behavior for the concrete is anisotropic for
the loading dead weight to simulate the construction of the
dam. For the subsequent loading cases an elastic material
behavior is assumed. The rock foundation is modeled with an
orthotropic material law according to the direction of the
schistosity.

The material behavior are given in the following table:

Rock |Concrete
Young’s modulus E [GPa] (for rock Ejy) 30 25
Young’'s modulus E [GPa] (for rock EL )} 10
Poisson ratio Vv 0.17 0.17
Density [kg/m’] 2400
Oy 8.107°

The joint behavior of the interface between dam and rock
foundation is modeled with isotropic Coulomb friction. The
friction angle is ¢=45° and no tensile stresses are aliowed
for being transmitted across the surface.
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Applied Loading

For the investigation of the behavior of this arch dam two
different analyses were carried out - first a linear
analysis with a closed base joint and second a non-linear
one with the possibility of opening of the base joint.

Normal water level 1782.0

v1655 82

Uphift Pressure

1005

Figure 2: Dam Model, Water and Uplift Loading

The assumed loading conditions for each case is as
following:

« dead weight loading - with independent columns
« water loading
+ temperature loading

« and uplift pressure lecading.

The water loading acts at the upstream face of the dam. The
uplift pressure is included in about one third of the radial
direction with 100% of the related water level height. The
water loading and uplift pressure assumptions are shown in
fig. 4.

For the loading case temperature the distribution of a
measured summer-temperature field relative to the Jjoint
closing temperature is used.
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4. NUMERICAL PROCEDURE

Contact Algorithm

The contact procedure required accounts for opening, closing
and for frictional behavior in the defined interface.
Numerical investigations are used to verify the numerical
performance during static and dynamic analysis of joint
elements (ICOLD benchmark, 1994 and 1996). Within the IV®P
benchmark the evaluated results by nonlinear block joint
behavior during earthquake excitation with different finite
element codes were compared against each other.

The contact condition together with the defined numerical
parameters for contact formulation are displayed in fig. 3.
Isotropic Coulomb model with a friction angle of ¢ = 45°is
used. The allowable shear stress transmitted within the
contact surface is calculated with Ty, < p*p for sticking
state:; the surfaces are glued to each other. If the current
shear stress T equals T,... the sticking state changes to
gliding. This sliding is controlled in the program by Yeiastic
value, which is an allowed ”sliding deformation” prior Tgijge
is reached.

The contact algorithm itself .is realized by a so called
softened contact condition. This needs the definition of a
contact pressure p, at the status closed. At a relative
deformation between the two contact surfaces of ¢y zero
pressure is transmitted in this contact zone. The pressure
clearance relationship itself is an exponential function,
resulting in a penetration of two bodies if the contact
pressure is above pg.

*
T h TSlldC = M p T ’, p
"]" . u"l:;_‘lIu"":ESlidc
[ 2 : —
| S B pg=10 [MPa]
o ! | w=tan(®) g e -
"" g |/ sliding

: ¥ - i Cp=1 (mm] c

I

-

(_p = 450 p
no tension Yelastic

Figure 3: Coulomb friction with softened contact condition
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5. LOADING SEQUENCE

The dead weight loading case igs modeled taking the
construction procedure into account. The concrete blocks are
constructed as columns separated by vertical block joints.
After completion of construction the block joints are
grouted at a specific temperature. After the block joint
grouting the arch dam supporting behavior is enabled for
further loading cases. In this analysig the dead weight is
applied for the entire dam structure with a material model
with only significant vertical stiffness but reduced
tangential and radial stiffness.

In the context of the used finite element ccde the change of
material parameter - as this 1s necessary from dead weight
application to water loading - would lead to a stress
redistribution in subsegquent loading cases. Therefore the
stress state due to dead weight is written on file and reread
into the model as initial stress state by applyving dead
weight loading. The equilibrium iteration carried out gives
none deformations, but a changed structural behavior for the
subsequent loading cases as these are water, temperature and
uplift pressure loading.

6. ALLOCATED COMPUTER RESQURCES - PROGRAM USED

The computations are carried out on a Silicon Graphics
Origin 200 Computer with 2 CPU’s. The computer runs Irix 6.5
operating system and has 1024 MB memory installed. The
finite elemente code used is aAbagus 5.8.

Fine Model Coarse Model
Scratch file 3.7 GB 255 MB
Result file 100 MB 100 MB
CPU Time 42 h 43 min
all loading cases
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7. PRESENTATION OF RESULTS

For reference purpose the results of a linear model are
presented in terms of minimum principle stress and middle
principle stress. The minimum principle stress represent for
dead weight the vertical stress and for further loading hoop
stress 1in the dam body. The middle principle stress
represents the vertical stress component in the dam body. In
the vicinity of the abutment the direction of the principle
stresses have no specific orientation. The nonlinear model -
with the proposed base joint - is presented for fine and
coarse digcretization.

Linear Model - Closed Base Joint

The presented dead weight loading is the first reference
step for further calculations. This loading shows minimum
principal stresses at the upstream heel of the dam at about
6MPa. At the downstream face of the dam the maximum
principle stresses are between 0 to 0.5MPa for most of the
surface and for a small portion in the wvicinity of the
abutment this tensile stresses reach wvalues up to 0.8MPa
{(fig. 4 and fig. 5)}.

For the full loading case (Dead Weight, Water, Temperature
and Uplift) under the assumption of a closed base joint the
minimum principle stresses at upstream face of the dam body
are hoop stresses at about 4 to 5MPa. The maximum tensile
stresses at the heel of the dam are higher than 2MPa.

At the downstream face of the dam the minimum principle
stresses in the dam body are hoop stresses and are between 4
to S5MPa. At the abutment the compressive stresses are higher
than 6MPa. The maximum principle stresses are small and are
less than 0.5MPa (fig. 6, fig. 7 and fig. 8).

The maximum radial deflection under full lecading condition
is 48mm. The deformation at the highest concrete block at
the interface level concrete to rock and in radial direction
is 6mm (see fig. 9).
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Nonlinear Model with base -Hoint

The stress distribution for dead weight 1loading 1is
equivalent to the results calculated with the help of the
closed model. Under full loading conditions the base joint
opens to a certain extent and the gained results are
digcussed.

In total two geometrically different discretized models are
investigated. These are the so called fine model and the
coarse model.

Results of the "Fine Model”

Compared to the linear model, in general an increase in
compressive stress occurs for hoop stresses at the upstream
face of the dam. This can also be seen for compression stress
at the downstream abutment (fig. 10, fig. 11 and fig. 12).
Due to the presence of uplift pressure the upstream heel of
the dam is still under compression, though the dam itself
has separated from the rock.
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The opening of the base joint along the entire dam abutment
is shown in fig. 13. To a relative large extent the dam’s
base Jjoint is open. (The displayed wvalues are corrected
against ¢y, which is a numerical value of 1 mm). Within the
base joint under compression, the resultant forces have to
be transmitted.

The calculated radial displacements are at about 52mm for
the block 0, and reduce to 34mm for block 16 and 3%mm for
block 15 (fig. 14}.
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Figure 14: Full Load - Open - Radial Disp. for Block 0, 15, 16
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The stress distribution along a radial 1line is shown on
fig. 17. For the highest concrete blocks the diagram shows a
base joint opening of about 42%. Nearly within the entire
remaining cross section the contact failure condition is
reached and sliding occurs.

Within blocks 15/16 the joint opens to an amount of 30% and
22% respectively. As it can be seen, sliding is only within
the first i0m of the joint significant.

Results of the Coarse Model

The c¢ocarse model gives in general the same stress
distribution along the entire dam as it can be calculated
with the fine model. Due to the different discretization
with the same element family, the stresses as well as the
deformations gradients are less for the coarse model.

From the subsequent figures (15,16,18) it can be seen, that
the stress distribution is in line with Fig. 10, 11 and 12 of
the fine model.

The differences between the fine and the coarse model in
terms of normal stress and base joint opening are shown on
fig. 19.
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Figure 16: Full Loading - Middle Principle Stress - Surface
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8. SLIDING STABILITY

Displayed on the level of stresses in the interface the
friction criteria is processed foxr block 0, 15 and 16 for
full loading condition. The applied Coulomb failure criteria
- residual friction angle of ¢ = 45°only - is reached nearly
all over the entire cross section for bleock 0 {(see fig. 20).

X Bleck 0
Block 15
3 Block 186
FAILURE

+

&
& q@

Shear Stress [MPa]

0. 1. 2. 3. 4 5. 6. 7.

Normal Stress [MPa)

Figure 20: Coulomb Failure Criteria for Block 0, 15, 16

However, for the sliding safety assessment of the structure
the shear strength, found by material tests, 1s Tpux= 4.0 +
0175 GN.

The sliding deformations are of about 5.2 mm.

The distribution of the vertical reaction force along the
projection of the crown axis at the abutment is shown on
fig. 21. The reaction force per m in MN for dead weight, dead
weight and water loading and under full loading conditions
is displayed. It can be seen, that the water loading and
water loading together with the applied uplift pressure
results in a significant vertical unloading of the dam.
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9. CONCLUSIONS i

Undexr a given model assumption the numerical analysis for
Schlegeis Arch Dam is carried out. Respectively dead weight,
water, temperature and uplift pressure loading are
investigated. ‘

For these loading cases the first analysis run was a
standard finite element analysis with a linear model. The
evaluated results show tensile stresses at the upstream heel
of the dam.

aAdditionally to the linear analysis a model is emploved,
which gives the dam the possibility to separate from the
foundation rock. For the entire dam in general the results
calculated show compressive stresses slightly higher than
for the linear model. Under full loading condition the
upstream heel of the dam separates for an amount of 5mm from ¢
it’s rock foundation. Due to the uplift pressure acting in )
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the base joint no tensile stress is apparently in the dam
abutment.

Due to the nonlinear analysis a more favorable stress state
in the dam structure can be evaluated. The hoop stresses in
the dam increase slightly and the tensile stresses at the
abutment decrease. Additionally to this investigation the
sliding stability considerations at the dam abutment needs a
reevaluation.

Based on the nonlinear analysis it is shown that the
compressive stress level increases slightly in the dam body.
Compared to the linear model a safe redistribution of stress
occurs, due to the base joint opening.
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1. Introduction

Imminent failure flood (IFF) of a concrete dam is an important parameter in dam safety
assessment which should be compared with the probable maximum flood (PMF). Failure of
concrete dams may occur by overturning or sliding. In either cases, the analyst must not only
consider the horizontal hydrostatic forces, but also the vertical uplift ones (with due account
for the efficiency of the drains). Failure tends to initiate at the rock/concrete interface which is
the weakest part of the structure and, depending on the rock/concrete bond, may progress
along the joint or into the rock.

The objective of this Theme A2 problem is thus to determine the IFF for a concrete gravity
dam under specified conditions.

2. Analysis Data

e Geometry of the main section is provided in fig. 1.

o Rock and concrete are homogeneous, isotropic, impervious and are characterised by (see

also fig. 2):

Material parameters Rock Concrete
Density [kg/m3] 2,700 2,400
Uniaxial compressive strength ¢, [MPa] 40.0 24.0
Uniaxial tensile ultimate strength o, [MPa] - 2.6 1.3
Ultimate tensile strain g, 0.63x104 | 0.54x104
Fracture strain g¢ 6.00x104 | 5.00x10-4
Softening law for tensile strength Linear Linear
Young’s modulus E [MPa] 41,000 24,000
Poisson ratio v 0.10 0.15
Specific mode I fracture energy G% [N/m] 200 150

» The rock-concrete interface is pervious and is characterised! by (see figg. 3a, b):

Material parameters Mean values
Shear stiffness K {MPa/mm] 20
Peak cohesion [MPa] 0.7
Residual cohesion [MPa] 0.0
Tensile strength [Mpa] : 0.0
Friction angle [deg.] 30
Dilatancy angle [deg.] 10
Softening module H [MPa/mm)] -0.7

! For explanation of parameters see the Appendix and fig. 3
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¢ Uplift Pressure depends on drain efficiency as shown in fig. 4.

e Loads: dead load and then hydrostatic load (including uplift) by increasing the water
elevation until it reaches the IFF level. Neglect rock self weight.

3. Requested results

The participants have to determine:

1. The IFF level and the corresponding failure modes;

2. Load versus crest displacement curves for the incremental analyses;

3. Stresses distributions along the closed rock-concrete interface for a water elevation equal
to 0.8 IFF;

4. Crack opening displacements for a water elevation equal to 0.8 IFF;

in the following cases:

1. Neglecting uplift pressures;

2. Uplift pressure with 100% efficiency of the drain (see fig. 4 - case 2);
3. Uplift pressure with zero drain efficiency (see fig. 4 - case 3).

Notes:

1. In all cases, the participant should determine if the crack propagates along the joint or may
branch into the rock. In the case of uplift pressure and kinked crack, the uplift pressure
should be assumed to be present up to the crack tip in the rock.

2. Participant can select any post-elastic model they deem appropriate.

3. In order to facilitate comparison of results, it is strongly recommended that all participants
analyse the following simple test problem.
Given the sliding-mass system reproduced in fig. 5, let the horizontal forces increase
progressively. Provide the shear stress versus horizontal displacement diagram for point
G.
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Appendix A: Joint at the Concrete-to-Rock contact

Direct shear strength data from tests performed on core samples including concrete-to-rock
contacts provide experimental results that are in good agreement with the classical idealisation
represented in fig. 3a. Following the figure, for low values of strain, the joint presents a purely
elastic deformation which is linearly related to the stress by the following incremental law:

(H dy =dt/Ks

where y represents the tangential relative shift occurring in the joint between concrete and
rock, Ks the tangential stiffness of the joint, T the shear stress acting over the joint surfaces.
When the peak shear strength, Tps is reached, the joint enters the softening state, characterized
by a fall of resistance that follows the law:

) dy=dt/H,

where Hj is a negative parameter with the dimension of a stiffness that can be considered a
phenomenological softening module.

In this phase the shear displacement can be splitted into two contributions:
(3 ) d’Y = d'}’el +de]

where dy, and dy, are, respectively, the elastic and plastic component of the shear strain given
by:

(4 dy, = dv/ K,
(5) dy, = dv/H

In eq. (5) H represents the actual softening module. By inserting expressions (2), (4), (5) in
equations (3) one obtains H, in terms of H and K :

(6) Ha=(H x K)) AK, + H)

During softening, shear strength decreases linearly up to a residual value equal to 1, .From
this point on, the behaviour is perfectly plastic.

In addition to the tangential shift y, a normal relative displacement, v, can be frequently
observed between contact faces; the total relative displacement is therefore inclined of an
angle v (dilatancy angle) with respect to the contact surface given by:

(N y = atan(v/y)

With reference to a Mohr-Coulomb failure model, the Mohr envelopes of peak and residual
strengths are indicated in fig. 3b.
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Fifth Benchmark Workshop on
Numerical Analysis of Dams
June 2-~5, 1999
Denver, Colorado U.S5.A.
Theme A - Concrete Dams
Problem A2

Synthesis of Methods and Analyses
P. Palumbo

CONTRIBUTIONS

Six contributions were foreseen in the final program of the
Fifth B.W. for problem A2. In the end we have only three
papers to compare (see Tab. 1).

Most likely the reason of this gquantitatively scarce
participation is related to the complexity of the problem
that was underestimated during the definition phase.

We have further to recognise that this remarkable burden
cannot be easily sustained without any kind of financial
support. In this regard, I wish to thank Prof. Linsbauer and
my friends at ENEL for their collaboration thanks to which
the proposed problem of the failure of gravity dams didn’t
collapse under its own weight.

FINITE ELEMENT SOFTWARE

Tab. 2 provides the short list of computer codes used by the
participants. Pl used FRAC DAM that is a dedicated software.
Then we have ABAQUS, a commercial software, in which P2 has
impleﬁented an “ad hoc” user subroutine to reproduce the
Mohr Coulomb Yield criterion with cohesion softening. Last
we have the DIANA code used by P3 in its standard version.

SHEAR TESTS

As vyou know, a shear test to check the capability of
reproducing joint properties was requested in the
specifications. In this test an increasing displacement is
imposed on the upper block to activate all resisting
resources of the joint. Fig.l shows results obtained by
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participants. In all cases the slopes of elastic range and

softening branch are in practice coincident. We can observe

that:

e Pl has not extended the test up to the attainment of the
pure frictional behaviour;

e P2 has\carried out a complete set of tests with loading-
unloading cycles with different amplitudes;

¢ P3 has carried out only a monotonic test.

METHODS AND ANALYSES
Although few authors provided thelir contribution, several
approaches have been adopted. It is worth summarising the

main features of the analyses in the following.

P1l: Linsbauer, Bhattacharjee

Smeared Crack Concept and a Thin-Layer-Formulation for the
joint element have been used. The interface is replaced by
an equivalent solid continuum with a finite thickness. Not
in compliance with the instructions of the workshop, the
authors have assumed a non zero tensile strength (0.35 MPa)
at the rock to concrete contact.

With regard to the loading sequence, an initial analysis has
been conducted for self-weight, initial reservoir elevation
and associated uplift pressure.

Subsequently, the reservoir elevation is increased to the
IFF level which may or may not overtop the dam. The uplift
pressure 1is always proportional to the latest reservoir
elevation.

In the paper it is not specified if uplift pressure acts on
both dam and rock sides and in which way uplift is made
consistent with the crack length. All cases requested have
been considered.

PZ2: Manfredini, Chillé and Meghella

First L.E.F.M. with J-integral approach is adopted for case
1 only. The critical J value has been assumed equal to the
energy dissipated during a shear test reported in the
literature (Jc = 300 N/m - Energy for mode two, Gry).

The assumed value is about equal to the value that one can
derive by the cohesion linear softening law provided by the
instructions for the workshop.
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This approach is not in compliance with the specifications

because the joint is not modelled explicitly. Results depend

on the value assumed for fracture energy in the Jjoint and

this parameter was not explicitly provided. Therefore direct

comparisons of results obtained from LEFM with results from

other analyses are not meaningful. Nevertheless the proposed

solution represent an effective contribution in highlighting

LEFM ability to treat failure problems in gravity dams.

Then a N.L.F.M. approach with three models has been used.

In all cases non linear behaviour has been restricted at the

rock to concrete interface.

¢ Model 1 considers mode I fracture with a low wvalue of
tensile fracture energy Gf (GI= 40 N/m); therefore a non
zero tensile strength is assumed (0.28 MPa). Sliding is
suppressed by geometrical constraint.

o Model 2 considers a Mohr-Coulomb yield criterion without
softening and with zero tensile strength; two analyses
with different values of cohesion are considered:

- c=0
- c=0.7 MPa

e Model 3 considers a Mohr-Coulomb yield criterion with
cohesion softening, and no tensile strength. 2l1l

parameters are in compliance with the specifications.

Therefore -only model 3 complies with the instructions
provided for the workshop. The joint has been reproduced in
this model as it was in the shear test. Only Case 1 has been
solved with this model. With regard to loading sequence, non
proportional loading has been considered with uplift
increasing simultaneously with water level.

P3: Palumbo,.Pellegrini, Giuseppetti

First the rigid block method has been used.

Then the NLFM approach has been adopted. The Rankine/Von
Mises multi surface yield criterion with tensile strength
softening has been wused for concrete and rock whereas
Coulomb friction and cohesion softening at rock-concrete
interface.

Three finite element models with different levels of global
and local refinement of the meshes have been considered in
solving case 1.

With regard to loading sequence, P3 has examined two cases.
The first considers proportional incremental loading and can
be considered representative of an ideal very fast filling
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of the reservoir whereas the second considers non
proportional increment of loading and could be assumed to
reproduce a slow filling. In both cases (proportional and
non proportional loading) uplift has been applied
simultaneously with hydrostatic loads. Possible paths in
loading sequence are indicated in the £fig. 2. In the
analyses path n.2 (dashed blue line) has been adopted but
other paths have been also tested finding that the results
depend remarkably on the sequence considered.

DIVERGING CHOICES INVOLVED IN THE ANALYSES

The main diverging features involved in the analyses carried

cout by participants may be summarised in the following

items:

o Concrete and rock modelling: plasticity and smeared
cracking or damage modelling and smeared cracking.

e Strength criteria (Mohr/Coulomb, Rankine/Von Mises) with
or without softening;

e Peak values of cohesion and tensile strength;

e Interface elements with =zero thickness and Coulomb
friction or thin continuocus elements with smeared crack;

¢ Levels of mesh refinement;

* Loading distributions and seguences;

¢ Non linear system sclution procedures.

These factors may affect the results in such a way as to

make quantitative comparisons impossible. Therefore in most

cases only qualitative considerations can be outlined.

MAIN QUANTITATIVE COMPARISONS

With regard to gquantitative comparisons, first let’s compare
in fig. 3 horizontal displacements of the dam crest for case

1 (no uplift). Lines with belong to P3, lines with x to
P2 and the very small black stretch to P1l.

The full line with is relevant to the refined mesh
whereas the dashed line with refers to the locally extra

refined model. Comparing these two curves we can note that
the locally extra refined model is stiffer than the refined

one.

The x and black continuous stretches result very close to
lines with in their own displacement ranges. We will look
at a zoom of these parts of the diagram later.

158 ICOLD Fifth Benchmark Workshop



Still in fig. 3 the dashed lines with x refer to plastic
models without softening. It is interesting to note that the
plastic model with non zero cohesion reaches the same limit
level obtained from models with softening, even 1if this
happens for a remarkably greater displacement.

Last comment, it would have been good to receive data
letting us examine the whole curves to establish 1f they
start from different initial conditions after the weight
loading has been completed.

Zooming the diagram around the short stretches we can better
appreciate some features (fig. 4). First we can note that
the solution of P2 ({the line with x) arrives at a certain
point and then undergoes a strange snap back. It 1is strange
because the return path is higher than the preceding branch.
It is reasonable to think that here the algorithm fails.

The derivative of the curves, that is the tangent stiffness
of the model condensed at the crest horizontal displacement,
deserves a further comment. We can observe the both the
black stretch and the line with x have a slightly lower
slope with respect to the line with ; this indicates that
the model of P3 is stiffer probably due to the lower level
of mesh refinement.

In case 2 we have only results from Pl and P3 (fig.5). The
closeness of the results is no longer maintained most likely
as a consequence of different paths in loading seguence.

For case 3 we can compare again three solutions (fig. 6). I
remind you that P2 has used here a model not in compliance
with the instructions since it assumes a tensile fracture
energy for the joint; in addition in this model sliding at
rock to concrete interface was geometrically constrained.
The comparison would not be meaningful; nevertheless it 1is
worth noting that the red curve has a starting point
remarkably different with respect to the green line. Since
at the end of weight loading the structure is still linear,
all starting points should be practically coincident unless
additional constraints are imposed on the model.

Looking at the small black stretch provided by Pl we observe
that it is located slightly below the crown level at 80 m.
and that its derivative 1s practically zero; on the other
hand the line with proceeds onward up to the level of 92
m. We can further observe (fig. 7) that this line presents a
little “snap back” around the crown level. This indicates a
certain difficulty encountered by the algorithm in
overcoming this level.
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STRESSES FOR CASE 1

Comparison of stresses relevant to the water level eqgual to
the 80% of the limit wvalue can only be performed between Pl
and P3 for case 1.

Vertical stresses along the dam base are shown in fig. 8. We
note a general agreement with the exception of some
divergence located upstream and downstream. These are most
likely attributable to:

¢ the tensile strength greater than zerc assumed by Pl:

e the lower level of mesh refinement adopted by P3;
The same observations hold for shear stresses shown in fig.

9.

GENERAL SUMMARY OF FUNDAMENTAT, RESULTS

Let’s now summarise the main results looking at tab. 3.

Case 1 : a good agreement can be observed between Pl and P3

when the refined and extra refined meshes are considered.

The convergence 1s attained even 1f Pl assumed a non zero

tensile strength for concrete to rock joint. ‘

This parameter seems not to affect the failure level

significantly when both shear and tensile strength are

considered, at least 1in absence of uplift. A quite good
agreement can be also observed between:

* the result that P2 obtained using the model which adopted
the Mcohr Coulomb c¢riterion without cohesion softening and
with zero tensile strength

¢ and the result of P1l.
Case 2: The agreement observed between Pl and P3 is lost in
this case. The divergence should not be ascribed to the
tensile strength assumed by Pl because the lower water level
is attained in the analysis where the tensile strength is
considered. The difference in this case might be ascribed to
loading sequence or distribution.

Case 3: The same considerations as for case 2 are still

valid. However a perfect agreement between the rigid block

method and the result of Pl must be underlined.

Last, looking at results obtained considering proportional

loading, we can observe a remarkable overestimation of the

limit water level with respect to any other solution.
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CONCLUDING REMARKS

e The stability failure of the gravity dam has been
analysed by means of several approaches; in spite of the
differences in modelling choices, a certain degree of
convergence among results can be recognised, at least in
absence of uplift.

e However the results have pointed out some aspects ©f the
problem which deserve further study for better
understanding.

¢ Numerical experimentation is necessary to gain greater
confidence about the robustness of algorithms in non
linear solution procedures especially when a fast
softening post peak behaviour is expected.

e Only parameters that are actually significant in the
characterisation of the real scale physical phenomenon
should be used. In this regard analysts need more certain
knowledge of the parameters with respect to which the
collapse 1limit 1is more sensitive {cohesion, ftensile
strength, fracture energy, softening laws etc}.

e The realistic hydraulic filtration rate and reservoir
filling velocity should be duly considered.
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Contributions

P1
Linsbauer, Bhattacharjee
(University of Technology Vienna)

P2
Manfredini, Chilleé, Meghella
(ENEL PIS Milano)

F3
Palumbo, Pellegrini, Giuseppetti
{ENEL ISMES Bexrgamo)

Tab.1l

Finite element software

Pl: FRAC_DAM Dedicated software

P2: ABAQUS Commercial software; a special subreoutine
for cohesion softening has been developed

P3: DIANA Commercial software; conly library elements have
been used

Tab.?2

162 ICOLD Fifth Benchmark Workshop



Shear tests
BW-TEST LINEAR SOFTENING
shear force verjua displacement
1.0 - I
e . H=:i.n[|.ipa.'m! 0.00E+05 I I S S M B |
= . PR I _ 7.0DE40% 1 |
£ os : = .oozeos LR S, | ?.iII D;Iplal .
z S Teaxioe £ 5.00E405 Y
; o i P oo N EEEEERN
w | o $.00E+05 - 1]
I NI M, ' ]
0.2 u
1 (Pl) ¢ 2.pop+os (P3) [
o0 T H 1.0DE+05 -8 I il } } !! : [
o0 o e o8 0.00E+00 L I O o | |
Yy [mm} o 0.000% 0,001 0.0015 .002 0.002%
Shear displacement [m]
T (Pa) x 10 T{Pa)x 10*
10.0 (PQ,) 19,0
c
BT RRRRAE
560 300
! bt
.00 b ¢ e
i —— P
v.e0 -5.00 ////
300, it g OO g ; ; | P /
3
oz o4 ol n2 -3.02 0.0k 000 o 002
s s (m)
Fig. 1

Load segquence 1

Proportional loading

Crown level

Loading sequence

Load sequence 2
Non Proportional loading

Uplift

w"k — + uplift due to overtopping
#

Overtopping

:::;7"*

m——— ]

mensaanrs P

ierxeenre §

Fig. 2

Problem AZ

163




Water level [m]

Water level [m]

Case 1 - No Uplift Pressure

120
100
80
=T
b P2
. %= P2C_0O7
60 it o= P2-C_0
e P3-Ref
- —P.?-EX |
40
20
1] - -
-0.01 0 0.01 0.02 0.03 0.04 0.05
Crest Displacement [m]
Fig. 3
Case 1 - No Uplift Pressure
105
100 R — Pl
-
85
]
P2
—s-P3
iie] . . . : . T
o 0.012 0.014 0.16 0.018 G.02 0.022 0.024 0026 0.028

Crest Displacement [m]

Fig. 4

164

ICOLD Fifth Benchmark Workshop



Case 2 - Uplift pressure with 100% efficiency of drain
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Case 3 - Uplift pressure with zero efficiency of drain
80 5
79 /
78
7 /////
76 /

E /
w
g 75 J—T
] / =
=
13
= 74 7
73
72
Tt
70 . . . . . . v
0,005 0,0055 0.006 G.0065 0.007 0.0075 0.008 0.0085 0.009 0.0095 0.01
Crest Displacement [m]
Fig. 7
Vertical Stresses at dam base
H=0.8IFF
5.0E+05
0.0E+00 \
. -5OE+03
£
-
H
B 108406 TFTIEm
5 e = P3_Hw=50.0m
=
E 1:\
1=
Z .\5E+06
-20EH6
+2.5E406 ; . .
[ 10 20 30 40 50 60
X-Base fm]
Fig. 8

166 [ICOLD Fifth Benchmark Workshop



Case 1 - No Uplift Pressure
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General summary of main results

IFF

IFF {m)

Analysis Case 1 Case 2 Case 3

Ml 7
PZ_LEFM_II ~140 - =50
P2 WLEM I ~125 - q2:0
P2 _MC CO 82 - -
P2 MC CS G0 - -
P3_R_BLOCK 109 -
P3 RANVMI 1 108
i 112.0 112.5 107
P3_RANVMI 3 111 :

Loa sl | Loa_s2 | Loa_sl | Loa_s2 { Loa_sl | Loa_s2

Tab. 3
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DAM SAFETY ASSESSMENT DUE TO UPLIFT PRESSURE ACTION IN A
DAM-FOUNDATION INTERFACE CRACK.

Herbert N. Linsbauer*
Sudip Bhattacharjee**

INTRODUCTION

In traditional practices, the rigid-body equilibrium
approach of structural mechanics is used to study the dam-
foundation interface behavior under uplift pressure
effects. The relevant assumption that a crack would extend
aleng the interface up to the point of equilibrium between
the force of the water acting inside and the compressive
forces generated in the dam, naturally, casts doubt on the
reliability of such results. The recent technological
development in the field of fracture mechanics of
cementitious materials, in terms of material
characterization and analytical/numerical simulation,
offers the possibility of undertaking a realistic
investigation of the water pressure effects at the dam-
foundation interface cracks. The objective of this paper is
to assess the inflow flood resistance of a concrete gravity
dam, for various conditions of uplift pressure
distribution, by using a damage mechanics based finite
element formulation of the dam-foundation interface.

Interface Cracks

Interface cracks always have been a subject of intensive
investigation, especially, because of the oscillatory
behavior of the stress and displacement fields, in the
vicinity of the crack tip, under the assumption of an
elastic characteristic of the dissimilar media. This
behavior is associlated with an inter-penetration of the

*Vienna University of Technology
Karlsplatz 13, B-1040 Wien,Austria

**niversity of Windsor
Windsor, Ontario, Canada, NSB 3P4
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crack surfaces, which has no physical significance. A
multitude of models has been developed, to overcome this
problem, varying from a homogeneous thin layer idealization
to an extended model with continuocusly varying material
behavior between the two adjacent structural sub-domains.
Specific to cementitiocus composite interfaces, the energy
release rate concept has been used under the consideratiocons
of kinking out and trapping mechanisms. A comprehensive
treatise of the behavior and the modeling of (interface)
joints is given by Tinawi et al. (1998). The current
investigation, involving uplift pressure effects on inflow
flood resistance of dam-foundation system, utilizes a thin
layer interface joint model developed by the same authors
{Tinawi et al. 1998).

GENERAL CONSIDERATICNS

In view of fracture mechanics of cementitious materials, it
seems necessary to add some comments concerning the
validity of the material parameters, especially, in the
case of mass concrete with aggregate sizes up to 100 mm and
more. The testing of representative samples, with
characteristic sizes of 1.5 m and more, generally, is
difficult to carry out. Size-effect models, based on the
testing of smaller samples, have been developed (Sajna and
Linsbauer 1998). However, a certain scattering range should
be considered in the design and analysis. Moreover, the
determination of fracture mechanics characteristics of the
interface material has to be seen as a very complicated
matter, particularly, for the mixéd-mode deformation state.

BENCHMARK PROBLEMS
Problem descriptions and specified material characteristics

are summarized in the following:

Shear Element

This test problem is a quadratic cube with an embedded
interface. The analysis objective is to predict the shear
behavior (shear stress versus horizontal displacement
response) at the center point of the interface. A graphical
sketch of the problem is shown with the results in Fig. 4.
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Gravity Dam

This is a 80 m high concrete gravity dam with a flexible
foundation support. The analysis objectives are as follows:

- Determination of the IFF (Imminent Failure Flood)
level, including the load versus crest
displacement response curve.

- Stress distribution along the intact interface for
a water elevation equal to 0.8 IFF and the
associated crack opening displacement.

Three load cases are considered to study the effects of
assumptions related to the uplift pressure distribution at
the dam-foundation interface:

Case 1: Dead Load + Upstream Water Pressure (no Uplift
Pressure at the dam-foundation interface)

Cases 2 & 3: Dead Load + Upstream Water Pressure
+ Uplift Pressure as shown in the following:

Drain axis

Crack tip Crack tip
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MATERIAL PARAMETERS

Table 1: Properties of dam and rock materials
Materialpar. Rock Concr.
Compr. Strength 40.0 24.0
(MPa)

Tensile Strength 2.6 1.3
{MPa)

Ultimate Tensile 0.63-107Y| 0.%4.107¢
Strain

Fracture Strain 6.0-1071 5.0.107¢
Young’s Modulus 41000 24000
(MPa)

Poisson Ratio 0.1 0.15
Spec. Fracture En. 200 150
(N/m)

Element size due to the conservation of fracture energy:

W= Ly = 050m
C o -lg,—¢
u Vf u
Table 2:
characteristic):
Materialpar. Value
s
Ks Mpa/mm 20.0
C MPa 0.7
Cres 0.0
Tens. Strength MPa | 0.35"
Friction Angle 30°
(Dilat. Angel) (10°)
H. Mpa/mm -0.7

* Changed from 0.00 to 0.35

Ks

UII

o
&

Ey

Joint at the Concrete-to-Reck contact

Ef

(requested
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METHODOLOGY OF THE ANALYSIS

The analysis was carried out with FRAC DAM, a Finite
Element computer program to predict the fracture and damage
response of concrete structures under static and dynamic
{seismic) loads ({Bhattacharjee 1999).

The methodology used in the program is based on Smeared
Crack and Damage Mechanics Concepts.

Interfaces or joints are represented by thin layer finite
elements (with a small thickness t). Principal
characteristics of the joint element are summarized in
Figs. 1 and 2.

The failure criterion is based on a modified Mohr-Coulomb
yield surface with a special tension cut-cff branch
(Fig.1i).

tensicon cut-
off

@, AT
e ) 2 7)?
c ( ”J +( ) =1
(;Y/r__ f, c
O
‘ B

fe Gy Cns j £
T debonding

II shear effect (slip}
IIT shear + compression
| | slip / crushing

III 13 I

Ops transition “nermal
stress™

Fig.l Thin Layer Joint Element
Modified Mohr-Coulomb criterion (Tinawi et al. 1998)

The simulation of the post-peak strength and stiffness
degradation is performed via a damage mechanics concept
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under consideration of a final residual state of the joint
behavior. The damage procedure is associated with the
principle of conservation of fracture energy, which defines
the evolution of damage in a one-~dimensional characteristic
strain field. The characteristic strain definition includes
both opening and sliding mode deformations of the joint.
Special strain-displacement interpolation functions are
used to eliminate artificial restraints on the joint
deformation modes. Detail descriptions on the fjoint element
formulation are available in Tinawi et al. {1998}.

fi
1
B H
1 /(
P
€0 €eq Ef £
Eq = (1l-d)E d = damage variable

Fig. 2 Thin Layer Joint Element
Damage evaluation with fracture energy conservation
principle (Tinawi et al. 1998)

MESH CONFIGURATION

Element sizes in the crack-prone zone of the dam-foundation
system are restricted to the limit imposed by the principle
of conservation of fracture energy; that are approximately

0.5m quadratic dimension for the dam and 0.05x0.5m for the

joint elements. Figure 3 shows the finite element model.
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Fig. 3 Mesh configuration: a) Full mesh
b) Upstream dam toe area
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RESULTS

Shear Element

Figure 4 provides a schematic description of the shear
element as well as the stress~displacement response at the

control peoint G.

BW-TEST LINEAR SOFTENING

B T e
AL

0.4 :
_{7K:i9PIMFWmmI

T
1

=-D.71 [MPalfmm

T T T
.0 0.2 G4 06 0.8

U, [mm]

b)

Fig.4 Test Analysis of Shear Element
a) Geometry and loading description
b) Shear stress versus iy displacement of point G
for monotonic (horizontal) loading condition

The results of this elementary test analysis, shown in

Fig.4b, correspond quite well with the values of Ks and H,
listed in Table 2.
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Analysis of Dam-Foundation System

The dam-foundation system, subjected to 3 loading cases
described earlier, has been analyzed to determine the IFF
level, the damage situation at the ultimate level, the
crown displacement during the incremental analysis and the
stress distribution in the interface at a 0.8*IFF water
level.

The IFF-level, the damage situation and the uplift pressure
distribution at the ultimate water level are shown in the
following tables:

Interface - Damage Pattern and Uplift Distributicn

IFE
N7
80.0
— DAMAGE PATTERN
0 undamaged
4 cracked
2 partially
cracked
0.00
-2 partially
| —p| damaged under
0.0 60.0 compression and
' shear
Damage tt
amage pattern 4 5 5
Uplift
distribution
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Case IFF Ultimate Damage Pattern

1 99.5 m | 99.4 m | 0-20 m [20-24 m|24-36 m|[36-58 m|58-60 m
4 2 -2 0 -2

2 89.6 m | 89.5 m | 0-25 m {25-30 m|30-42 m|42-59 m]59-60 m
4 2 -2 0 -2

3 78.7 m|78.6 m | 0-16 m [16-31 mi31-39 m|39-60 m
4 2 -2 0

Case IFF Ultimate Uplift Distribution { WC)

2 89.6 m | 89.5 m 0-10 m 10-42 m 42-60 m
89.6 17.92 LIN—O

3 78.7 m{ 7B.6 m 0-39 m 39-60 m
78.60 LIN—O

Figure 5 shows the deformed configuration of the dam for
Case 3 (representative also for Case 1 and Case 2} at the
impending failure state.

.

Fig. 5 Deformation of the dam for Case 3 (failure level)
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Crown bisplacement

The crown displacement responses with increasing reservoir

elevation, for three load cases, are shown in Fig.6
Case-1
994
£ 993
- ,
3 992 ?
2 991 ‘
= B U - e
99.0 -
25.1 252 253 254 265 1 256
Crown Displacement {mm] 25.56
Case-2
89.5
89.4
E 4o
< 833
-
L1}
= 892
] R U FR SN N R MU S
0
=z g
89.0
; ; . . L
19.8 20.0 20.2 204 206 . 208
Crown Displacernent {mm] 20.74
Case-3
786 i
78.5 : ;
E 784-1—
2 783
z T8
ST N N
& 782
© [ LR P R ol R
= 784 i
oL e
66 68 70 72 74 76 78 80 82 B4 8B
Crown Displacement [mrm] 8.47
Fig.6 Crown displacement Case-1, Case-2 and Case-3
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Stress Distribution

Stress distributions in the intact interface area,
corresponding to a water level of 0.8*IFF, for the three
load cases are presented in Fig.7a and Fig.7b.

Fig.7a

Case-1 (ML798m)
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Normal and shear stress distributions along the
interface for Case-1 and Case-2
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Case-3 (WL629m)
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2.0
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£
w

(020 125 ' 250 T
Gravity Dam - Base Line

Fig.7b Normal and shear stress distributions along the
interface for Case-3

The tensile stresses on the upstream side result due to a
certain amount of tensile strength which was necessary
according to the thin layer joint element formulation. On
the other side this also meets the reality because
materials with cohesion usually alsc have some tensile
strength.

CONCLUSION

The Benchmark Workshop Problem dealt with here may be seen
as a challenge for the researchers as well as for
practitioners. In the present investigation, a finite
element, dedicated to dam safety analysis, had to be
adapted to meet the special requirements - uplift
penetration during crack propagation associated with a
grout curtain plus drainage as a special exercise.
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Problem A2 - Imminent Failure Flood Level Evaluation
for a Gravity Dam with Interface Crack
and Varying Uplift Pressures

Fracture Mechanics Analysis of a
Gravity Dam

Manfredini P.,* Chillé F.** and Meghella M.**'

Abstract

In this paper the proposed A2 Problem of the Fifth ICOLD BW
on Numerical Analysis of Dams is solved by the Finite
Element Method. The numerical analyses have been performed
by means of a commercial code ({(ABAQUS). The effect of the
uplift pressure 1in the fracture 1is considered. The
objectives of the study are: (1) to evaluate the imminent
failure flood level for the concrete gravity dam; (2} to
investigate the mixed-mode fracture propagation in
dam/foundation interface; (3} to evaluate both advantages
and disadvantages in using a general-purpose finite element
code for fracture mechanics analysis of large dams.

l1.Introduction

Cracks may occur on the upstream face of a dam, due to
thermal loads, shrinkage during dam construction,
hydrostatic load cycling, irregular foundation settlements

* Consultant Engineer, Doctoral =~ Student, Technical
University, Milan, Ttaly

**ENEL, RICERCA Polo Idraulico Strutturale, Milan, Italy
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Water may penetrate these cracks; water pressure represents
an additional load on the crack faces and fracture
propagation may occur. It 1is therefore essential to
investigate the fluid/fracture interaction and its effect
on the safety of large concrete dams (Brihwiller, E. Sacuma
V. E., 1995a,b).

The methods commonly used for the safety assessment of
concrete gravity dams are based on rigid body equilibrium.
However, these approaches do not take into account the
stress distribution around the crack tip, providing in
general a too conservative value of the safety factor with
respect to fracture mechanics analysis.

In the proposed Problem A2 the stability condition of a
concrete dam subjected to water pressure load on the
upstream face and within the crack has to be determined.
The crack propagation along the dam-foundation interface is
analysed by using both 1linear and non-linear £fracture
mechanics. All the data referred to the gravity dam cross
section geometry and the c¢oncrete and rock mechanical
parameters are defined in the proposed Problem AZ.

2.Linear elastic fracture mechanics

In gravity dams the length of the zone where the fracture
processes take place around the crack tip is small in
comparison with all the characteristic Jdimensions of the
structure. Nevertheless this condition is not satisfied in
the early stage of crack propagation, when the crack size
is small. Therefore, LEFM represents an effective approach
for the study of large dams which are already cracked (see
Galvez et al.; 1996}; worse results may be expected for the
detection of crack initiation. LEFM approach 1is anyhow
attractive due to the simplicity of the numerical analyses
and the relatively small effort regquired for the
calculations.

In this paper, a J integral LEFM approach is firstly used
to solve the proposed problem. The structural problem is
linear for a given crack length; this permits to calculate
the wvalue of total J wusing linear superposition, by
evaluating the contributions of the four different Iloads
separately, J®  JP from water pressure on the upstream
surface and within the crack respectively, J% from
overtopping load, J° from dam dead weight. A critical J
criterion is then assumed to define the crack propagation
condition through the relation:

J=J%2 - F+ A (TP + ) =T (0)
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where J is the total J-integral at the crack tip, J; is the
J critical wvalue at propagation and A is the current
overtopping load multiplier. For each c¢rack tip position
along the dam-foundation interface the four contributions
have been calculated by means of a linear elastic finite
element analysis; then equation (0) is solved with respect
to A in order to calculate the overtopping load multiplier
for the current crack length.

The critical value J. is assumed to be equal to the energy
dissipated during a shear test with high confinement normal

stress G{=300 N/m (Slowik et al., 1998).

The model used for the dam and foundation is shown in
figure 1. Six and eight-node parabolic isoparametric plane
strain elements were used in the discretization. In order
to reduce the computational cost a static condensation is
applied by defining two superelements (ABAQUS) for the dam
body and the foundation, as shown in the same figure. For
each crack length four separate analyses are performed in
order to evaluate JP, J°, JP, J.

RN A NN by V8 N o

Substructure 1

LU~ gubstructure 2

i 2

L

Figure 1. Mesh for linear analyses
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In figure 2 the contours of wvertical stress component due
to hydrostatic pressure inside the crack for a given crack
length are reported, on the amplified deformed mesh.
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BEM-— 2. 51600
B 2. 73E+ 07
+3.06E-07

Figure 2. LEFM: Vertical stress contours due to hydrostatic
pressure inside the crack for a given crack length

Values of the J-integral for different loading conditions
(pressurized or no pressurized crack, assuming overtopping
equal to 20m) and different crack lengths are plotted in
figure 3. In figure 4 overtopping load factor (water level
measured from dam crest) versus crest displacement plots
are shown, obtained both considering and neglecting the
uplift pressure effects. Figure 4 shows that peak load is
significantly reduced when uplift pressure effect is
considered.

J-integral .
& (X 10% Overtopping (m)
40 — No pressurized N
crack 80.0
20 - Pressurized crack  60.0
00+ 40.0
20 L 20.0
-4.0 1 [ i | i | ( I L 1 ! J
0.0 5.0 10.0 15.0 0.0 0.2 0.4 0.6
Crack Length (m) Displacement at top (m)
Figure 3. J-Integral versus Figure 4. overtopping
crack lengths (overtopping load factor versus
equal to 20m) crest displacement
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3.Non linear fracture mechanics

In this paper the crack is assumed to propagate along the
interface of concrete dam and rock foundation, so that the
crack itinerary is a priori known.

In accordance with Cervenka (1994), for incremental non
linear analysis of dams it 1is necessary to consider the
non-proportionality of load application {increasing of the
pressure both on the upstream face of the gravity dam and
within the crack). In fact, the traditional non-linear
technigques based on the arc-length method is not applicable
until the water elevation in the reservoir reaches the
crest of the dam. Furthermore, in order to apply this
technique, the pressure rise of the fluid inside the crack
due to the overtopping load should be applied by imposing
suitable tractions along the bottom edge of the dam.

In the numerical simulations the water elevation is
gradually increased up to the top of the dam. Then the arc-
length algorithm (ABAQUS) is used to determine the peak
load carrying capacity and the post peak response.

In the present work, the effect of water pressure inside
the crack is taken into account by applying a suitable load
on the slave and master contact surfaces nodes in which the
fluid pressure is greater than a predefined threshold
value. The pressure of the fluid inside the crack is
applied normally to the contact surface, based on the
contact pressure at the beginning of each increment. The
pressure of the fluid is applied when the contact is lost
{zero contact pressure).

Three numerical models have been set up using different
assumptions on shear stress transfer and tensile strength
of the interface:

Model 1) the cohesive crack model (Hillerborg) governs the
relations between the opening displacement and the
normal traction, while the displacement
discontinuities in the direction tangential to the
crack profile are xuled out: unlimited transfer of
shear traction is admitted across the whole
discontinuity line (see Bolzon et al., 1994);

Model 2) the transmission of the shear stress across the
crack face is governed by the Mohr-Coulomb
criterion and no tensile strength of the interface
is considered (no-tension);

Model 3) the softening law in the Mohr-Coulomb criterion is
introduced, as described in Appendix A.

In Model 1, in accordance with Cervenka (1994), the
fracture energy GIf is assumed 40 N/m and the tensile
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strength 6, = 2.83 10° N/m?, the contact surface slave and
master are introduced along the fracture path and double
nodes are connected by non-linear springs normal to the
crack itinerary. The role of this springs 1is to transmit
the nodal forces eguivalent to the cohesive normal
tractions prescribed by the adopted cohesive model (Bolzon
et al., 1994; Galvez J. C. et al., 1999; Galvez J. C. et
al., 1998).

The material properties of the interface are:
¢ = cohesion = 0.7 10° N/m®, the softening modulus H = 0.7
N/m?, the friction angle ¢ = 30°. The interface tensile
strength o, 1is assumed to be zero in accordance with the
theme AZ.

The non-linear behaviour is assumed to be concentrated at
the interface elements; therefore a static condensation
algorithm is adopted, as done for the LEFM analyses, 1in
order to reduce the problem size by retaining only the
nodes related to the contact elements. The static
condensation greatly reduces the computational effort for
non linear analyses.

The use of a cohesive crack model in a finite element
problem can intreduce significant errors when the
discretization of the cohesive zone 1s coarse (Cerxrvenka,
1994). Both the meshes are composed by three and four nodes
linear isoparametric elements.

N

Figure 5. Mesh for non-linear analyses
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4. Results

Figure 6 shows the vertical stress component contour pilots
obtained with model 1 (continuity of tangential
displacement) when neglecting uplift pressures.
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Figure 6. Model 1: Vertical stress component contour plots
without uplift pressures
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Figure 7. Model 1: Vertical stress component contour plots
with uplift pressures
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In figure 7 the same stress component contours are reported
referring to the case including uplift pressure effects.

Figure 8 shows a typical shear stress distribution obtained
for the model 3 (Mohr-Coulomb with softening). In this
case, 1t 1s interesting to note that the process zone of
the shear stresses {(mode II sliding) precedes the opening

of the crack.
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Figure 8. Model 3: Shear stress contours

The figure 9 shows the plastic sliding along the interface
for the model 3. The cracks propagate from both upstream
and downstream heels. In this figure, s is the c¢ritical

cr
sliding corresponding to zero cohesion.
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Figure 9. Plastic sliding along the dam foundation for

different increments when the overtopping load is applied.

190 ICOLD Fifth Benchmark Workshop



Overtopping load (water level measuxed from dam crest)
versus crest displacement plots obtained with the three
different nonlinear models neglecting uplift pressures are
reported in figure 10a, together with LEFM results. Two
cases have been analysed with Model 2, related to cohesion
values respectively ecqual to 0.0 and 0.7MPa. A detail of
the curves related to Models 2 and 3 1is shown in figure
10b.
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Figure 10. Overtopping load versus crest displacement (no
uplift pressures)
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Figure 11. Hydrostatic load versus crest displacement {(with
and without uplift pressures)

In figure 11 the 1load/displacement curves obtained with
model 1 respectively considering and neglecting the uplift
pressures are reported; the failure overtopping load 1is
considerably lower in the former case.
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5. Comparative remarks

Figure 10 shows that modelling of shear behaviour strongly
affects the structural response: this is due to the fact
that the proposed theme refers to a shear failure
mechanism. For such a problem it is important to include
mode II (i.e. sliding) in the interface crack model in
order to be able to model non uniform shear and normal
stress distribution along the interface.

Numerical results show significant difference between NLFM
and LEFM structural response. This can be explained by
observing the difference in the c¢rack 1length values

obtained with the two approaches (see figure 12). This
difference is 1less significant when the wmodel 1 1is
considered, where the continuity of the tangential

displacements is imposed.

When uplift pressure is introduced the peak load obtained
by LEFM 1is significantly greater than the one obtained by
NLFM. This is due to the different crack length and to the
non uniform distribution of the normal stress along the
interface.
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Figure 12. Overtopping load versus fracture length for

LEFM and NLFM (no uplift pressures)

Furthermore, when the pressurized crack is considered in
order to obtain a realistic value of the peak load, it is
necessary to use a refined mesh along the interface and a
very small time increment must be introduced.
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6.Conclusions

In this paper linear and non-linear fracture mechanics
analyses of a gravity dam are presented.

Remarkable differences between NLFM and LEFM response have
been found, due to different crack length and stress
distribution along the interface.

More important differences have been found for different
hypotheses on shear behaviour. Peak loads obtained by
various frictiomal laws (Model 2 and DModel 3} are
considerably smaller than the one obtained by imposing the
continuity of tangential displacement along the interface.
This difference can be attributed, in accordance with
Cervenka (1994), to the non uniform distribution of shear
and normal stresses along the interface.

In fact, it 1is interesting to notice that highest shear
stresses are concentrated not only in the areas close to
the upstream heel but also at the downstream heel. Mode IT
cracks propagate from both upstream and downstream heels.
Bifurcation of solution is an important feature of cohesive
crack analysis that can be unambiguously predicted only by
the formulation of the fracture process as a linear
complementary problem either in finite increments or in
rates (Bolzon et al., 1997).

Uplift pressure significantly reduces the actual load-
carrying capacity (see figure 11). Thus the effect of the
pressurized fluid inside the crack must be taken dinto
account in dam design and safety assessment.

A substantially different alternative to FEM, recently
developed, is represented by the application of the
symmetric Galerkin method (SGBEM) to the cohesive fracture
mechanics (Maier and Frangi, 1997; 1998). This approach
leads to a drastic reduction of computational effort in
terms of both problem size and remeshing burden cost. ’
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Appendix A

Al.Introduction

Sliding (rather than overturning) along the uncracked
ligament is the primary mode of failure in a gravity dam.
Hence the evaluation of shear friction safety factor of the
dam is commonly required. In addition, all the analyses for
design and safety assessment of dams usually assume that
crack propagates along the weak interface between dam and
foundation. Recently, the crack kinking into the rock due
to the presence of large shear stresses along the interface
has been considered by Chandra Kishen (1996}, and Cervenka
(1994) .

Contact/friction algorithms (see e.g. Giannakopoulos, 1989)
have been used in order to study rock-concrete interaction
(see: Chandra Kishen, 1996, Swoboda and Lei, 1994) and to
model the fracture in brittle materials (Camacho and Ortiz,
1996) .

The simplified model herein proposed to represent the
behaviour of rock-concrete interaction is based on the
modified Mohr-Coulomb criterion, in which the tensile yield
limit is set to zero {(‘'‘no-tension’, see Gioia et.al., 1992,
Bazant, 1950}).

22 .Frictional Interface Model

In the proposed model the strength of the interface law is
described by a failure function {see figure al):

1| o tan(®) - cfs;, ) =0 (1)
* - + _
Sy=8y=5y  Sy=SytSy 520 5, <0 (2)
&

c(s;I)—co 1-= Spl <Scr

Ser (3)
¥
0 Spi Z Ser

where Splis the plastic sliding of the joint (positive in

the x-direction), © is the normal compression stress, ¢ is

the friction angle, ¢ is the cohesion. The eguation (3)
governs the softening evolution of failure function by a
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No associate

! plasticity Initial failure function
TA
A C
Cy
& GHa
C . - -
\v Final failure function
G > Scr >

Figure al. a) Failure function; b) Cohesive law

softening parameter S* which represents the cumulated

pl
plastic sliding. The critical sliding corresponding to zexro
cohesion is denoted by s, and it is obtained by imposing

the area under the linear softening law to be equal to Gj?a.

A “master-slave” contact algorithm is adopted to handle the
dam-foundation interface interaction.

Plasticity theory is used to define the constitutive driver
for the interface crack model. In order to obtain a more
realistic friction model a non-local friction law should be
introduced (see Oden and Pires, 1983). Contact friction
algorithms are extensively dealt with in the comprehensive
book by Zhong (1993).

The increment tangent stiffness matrix is obtained by
imposing the condition A®=0 {see Eg. 2) and the
incremental constitutive equation (see Eg. 3):

do = g‘Pdc+a“’d +aa‘fd +§:pd‘ 0 (2)
dv = Kq(ds—ds) (3)

If dsy#0 dsp =0
dsy = _[%)“1 [g—ﬁ dc + %(SR ds] (4)
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If dsyy=0 dsy#0

P
-1
- do | | 99 do
ds = 22| | L g5 192 5
S (aS;;] [ao‘n G,,+aS SJ (5)
o Jp |Sef’
where == an(@) 5 =5y
90 _ sl o 00 bl o (6)
as;[ ’ Ser Ser as;f ’ Sef Ser
-1
di=K {ds+| 22 {a—(pdc+—a—?ds] (7)
s, Jc ds

The incremental tangent matrix reads:

-1 -1
Q:K 1+[a_(p] a_(p . ot -K 1+(a(p] tan((p) {8)

ds " s, | os| FER 05,

The interface finite element developed by Cervenka (1994),
Lofti (1992), Lofti and Shing (1994) exhibit a wvery large
initial stiffness {(Cervenka, 1994). Thus, in accordance
with Chandra Kishen (1996), the implementation of the
interface law in an appropriate contact algorithm permits
to reproduce the realistic frictional behaviour of the
interface.

A3. ITncremental formulation

For a given stress state (6,7,) on the yield surface,

softening parameter 5, and total sliding increment As, ..

ply
In the state n+l the failure function must be satisfied
condition, so that:

*
@(0n+1;’cn+1;sp1n+1)=0 {(1.a)

The elastic predictor is 17 =K[(s+4s,,); the plastic

correction is 1T,,=1-K As, .

K. |5 + s,y — As,, |+ Clas

Plntl

S*
:0H+!tan(¢)+C[1———p’"} (2.a)
5

cr
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if Sp‘r" +|Aspln+l| <8 = C= Cos S, +|ASP’n+iI 2 Ser = C=0.

The increment of the plastic sliding As, of the joint is

obtained by solving the eqguation (2.a). The root of this
equation is obtained by consider four different cases
(salvadori, 1999)

1) if sT+As.—As, >0and As, >0 = As _ oK +85)
" m Plusl Plnsl Pl — ¢ /S - K
0/ Yer T

!
. ] p+K sy +As,,,
ii) if S§’+ASH+I—ASP,HH<O and As, <0 = As, = T(" "+)
KT"—CO/S“

PP . el p_Kt(S:! +Asn+l)
iii) if 5 +As,, —As, >0 and A5, <0 = As, =
n n n+t Plp+i Pinsy _Kz _CO/Scr

{
‘ _ p+K (s +As
iv) if s+4As,, -bs, <0and As, >0 = As, = KT(H ] )
+¢,/5
T 0f “er

®

s .
where p=0G,, tan((i))-}-co(l— pf”], and ¢y=0 if spfn+lAsp >s,, thus

["+1
or

an implicit procedure is used in order to solve the Eg. 2.

A4 . Direct shear test

The frictional interface assigned in Problem A2 (Appendix
2) has been implemented in the commercial finite element
code ABAQUS by means of a suitable “user subroutine”. In
order to check the wvalidity of the implemented algorithm
some examples with known analytical or numerical solutions
are analysed. The numerical simulation of a cyclic direct
shear test with different wvalues of the displacement
imposed has been carried out. An elastic slab lying on a
flat rigid foundation has been considered. Friction is
supposed to exist between the bottom surface of the elastic
slab and the foundation and the slab is subjected to a
downward uniformly distributed force on the top surface.
The friction coefficient between the bottom surface of the
rigid slab and the rigid foundation is 0.577. A uniform
traction of 3.46-10° N/m® is applied in the downward
direction on the slab. The peak cohesion is 0.7-10° N/m? and
the softening module which represents the slope of the

softening branch in the plane 1-G is Ha = -7.2510°%. N/m’ The
slab is subjected to a cyclic displacement (see figure al}.
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time

Figure a2. Direct shear test setup.

The finite element model consists of four-node linear
quadrilateral plane strain elements. The interface problem
ig solved using a “master and slave” contact algorithm. The
obtained results in terms of tangential stress cycles are
represented in figure a3.

T (Pa) X 10° T (Pa) X 10°
10.0 [~ 100 [~
5.00 500 [
i / 0.00 [~ /
0.00 = / / 5000
5001 0 U L g 100 b ]
0.02 001 0.0 001 002 . 001 0.00 ool 00
s (m)

s (m)

Figure a3: Direct shear test for different wvalues of the
maximum displacement amplitude.
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In the frictional model of the dam/rock interface highest
shear stresses are concentrated not only in the areas close
to the upstream hell but also at the downstream heel. Mode
II cracks propagate from both upstream and downstream
heels. In this case the iteration process may diverge.

In fact, the figure 1b shows that during fracture
propagation the elastic region of the joint becomes very
small. Finally, the shear fracture passes through nearly
completely the dam foundation interface. In this figure, S,

is the critical sliding corresponding to zero cohesion.

1.80E-03 7~ : -
1.60E-03 | foond - o INC.2
g 140803 e T @z INC. 50
g 1:20E-03 =1 A INC. 100
T 1.00E-03 {+ : ;
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Q 5.00F -04 i s\; : n ; x INC. 200
& 4.00E-04 1 TR Tm—-.,,—m—rmwmr. s o INC. 250
2.00E-04 = e R vhol | = —§ critic
0.00E +00 +— cAEI iy 7.3 500 oo} =
0 20 40 60 80
Distance (m)
Figure 1b. ©Plastic sliding along the dam foundation for

different increments when the overtopping load is applied.

During the analysis, excessive interface sliding may occur.
The return-mapping algorithm proposed for friction law with
softening fails to map the elastic predictor. In fact, the
root of the equation 2a can not exist when the sliding of
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the joint is excessive As,,1. If we suppose to consider the

case 1) .with S§I+Asn+1—zi\s >0 and Aspl + >0
I3

Plag

/ {
KT[S.EI +(Asn+1)A_ASpln+l] Kq [Sg +(A‘Sn+1)B—ASpln+J

N

v

| \

Sn +A.S‘n+1 +C Aszn+l)

hY [n
On+l tan(qJ) s
cr
solution X/ v\l\ J

At
AN

No solution

\

=/

»

As

Sﬁl + (ASH+I)A Sgl + (A1 )B Pl

Figure 2b. Representation of the solution of the equation
{(Z2.a).

If (Asy1)g >>(As,y), the solution of the equation (2,a) does

not exist (see figure 2b). This problem should be solved by
introducing an automatic control of the increment. However,
in this case the computational cost increases.

Finally, the stabilisation algorithm for the contact
problem could not be used since negative values oOX
unrealistic wvalues of the contact pressure are introduced
in the friction contact algorithm. In this case the
solution provided by the algorithm can be wrong.
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STABILITY OF OVERTOPPED GRAVITY DAMS
NUMERICAL IDENTIFICATION OF THE FAILURE MODE

P.Palumbo', R.Pellegrini?
G.Giuseppetti?

ABSTRACT

The stability failure of a gravity dam subjected to an
increasing level of water even beyond the crest level 1is
numerically estimated. Two methods are exploited, namely
the rigid block approach and the finite element method. In
the latter case the sensitivity of results on three
different options for the mesh is investigated.

INTRODUCTION

To assess the safety of a dam, the detéction of the modes
of static stability failure may be necessary. The numerical
identification of the failure mode due to overtopping in

gravity dams is attained addresging appropriate
considerations to internal stresses and sliding stability.
In practice, the rigid block method of  analysis is

considered sufficient in most cases. Using this method and
the elementary beam theory, the stresses in the cross
sections of the dam and the extent of cracking can be
estimated. The latter is obtained establishing the
allowable tensile gtress that' can be developed 1in
horizontal sections and then wusing static eguilibrium
procedures which properly consider all forces, including
uplift, to determine a base pressure distribution that
satisfies both stress and equilibrium reguirements. A
section is considered cracked when the tensile stress
exceeds the allowable threshold limit. The tensile strength
is generally assumed to be zero (“no-tension” approach).

A more refined version of the no-tension approach than the
rigid block method is based on elastic/perfectly plastic
limit analysis in which a vyield condition characterised by
a zero value for tensile strength 1s assumed. This
hypothesis is a consequence of the belief, never justified
theoretically, that failure load obtained by no-tension
analysis is lower than that obtained by an analysis in

'ISMES S.p.A., Seriate (Italy)
2 TSMES S.p.A., Seriate (Italy) _
3ENEL Research - Polo Idraulico strutturale, Milano (Italy)
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which the tensile strength is taken into account. But, in

this case, one couldn’t state that no-tension analysis is

certainly safe. In fact concrete is not actually a plastic
material and under tension it exhibits post peak softening.

Therefore, to obtain a realistic representation of the

structural behavibur, the finite not zero tensile strength

and the post peak properties of the material should be
taken into account.

To assess the stability condition of a gravity dam it is

also necessary to consider the properties of the joint at

the concrete to rock interface. In this regard experimental
data on rock-concrete interface show that the decrease in
shear strength is not abrupt, but is rather gradual.

Further related observable phenomena are:

¢ shear strength depends on the normal stress;

¢ softening is present both in shear and tension;

s there is a residual shear strength due to the friction
along the interface, which depends on the compressive
normal stress;

¢ irreversible relative displacements are caused by broken
gegments of the interface material and by friction
between the two crack surfaces;

¢ roughness of the interface causes opening displacements
(i.e. dilatancy) when subjected to sliding displacements.

To reproduce this behaviour, a model whose parameters can
be easily derived from laboratory tests must be used.
The problem A2 proposed for Theme A of the Fifth Benchmark
Workshop on numerical analysis of dams provides a good
opportunity to test and discuss the current methods for
gravity dams failure mode estimation.
This paper describes the analyses carried out wusing the
rigid block method and the non-linear finite element
analysis with a smeared-fracture model for concrete dam and
rock foundation. On the other hand the concrete to rock
contact has been idealised as an interface between two
dissimilar materials with zero thickness using a discrete
crack approach. The relationships between normal and
tangential stresses with opening and sliding displacements
have been derived from data contained in the specifications
of the problem.

1.0 SIMPLIFIED ANALYSIS: RIGID BLOCK METHOD

Problem A2 is first solved evaluating the sliding stability
of the dam by means of the rigid block method [1]. This
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method assumes a linear stress distribution on the
potential sliding plane. The sliding plane taken into
consideration is the concrete to rock contact surface.

The uncracked section is determined computing internal
stresses by means of a simplified analysis in which the
distribution of the compressive normail stresses throughout
the cross sections is linear and no tensile stresses are
allowed at the concrete to rock contact. According to this
analysis procedure, the c¢ross section of the dam is
idealised as a cantilever beam. When at the upstream end of
a horizontal plane the predicted compressive stress due to
body forces and applied lateral Ilcads disappears as an
effect of the increasing level of water, the propagation of
a horizontal crack ig simulated by reducing the effective
area that provides resistance to overturning moments and
shear forces. With reference to Figure 1, where M
represents the summation of moments of all forces about the
centre of gravity of the base, the following egquations
hold:

Case 1: in absence of uplift pressure

Assuming e = M/N

When e<B/6:
Be=B
scmin=N/B-6*M/B*2 (minimum compressive stress)
scmax=N/B+6*M/B"2 (maximum compressive stress)

When B/6<e<B/2:
u=RB/2-¢
Be=3*u
gcmin=0
scmax=2*N/ {3*u)

Case 3: 1in presence of uplift pressure

B M
B, =3 -|— - —w—
2 N-pB

2 (u-pg)
B

B2 Py

e

Figure 2 shows the results in terms of stresses at the base
section obtained, respectively, with uplift pressure absent
(Case 1) and present (Case 3). The stresses, expressed in
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Figure 1.
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Compression diagram at the concrete to rock contact rfor

cracked section in presence of uplift pressure (U.S. BUREC [1])
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Figure 2. Maximum compressive stress (N/m?) at downstream edge.
In Case 1 uplift pressure is not considered.
In Case 3 uplift pressure is considered.
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The IFF (Imminent Failure Flood) requested for the solution

of the problem A2 is the level of overflow at which the

failure occurs. Under the above specified assumptions, it

ig determined by solving the equation:

(1) S OT + § I = £*(N-UP) + c*Be

where the balance of driving forces (first member) and

resisting forces (second member) is expressed.

In this eguation:

S OT = horizontal force determined by the height of
overtopping corresponding to IFF;

S I = horizontal force due to water at crown level;
£ friction factor;

N = gsummation of normal forces;

up = gummation of uplift forces;

C = unit cohesgion;

Be = width of the uncracked portion of the section.

Figure 3 highlights the solution of equation (1) carried
out to identify the limit condition in case 1. In the upper
part of the figure, two curves are plotted representing,
respectively, the resisting forces, expressed in N,
decreasing when water level increases, and the driving
forces, increasing with water level; their common point
determines the solution of the equation. Figure 4 provides
the same information of Figure 3 for case 2.

x 10" Case 1; Limit sliding stability
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Case 3: limit sliding stability

" Wates level (m)

Figure 4

In conclusion, results are summarised in the following
points:
o (Case 1
Maximum allowable water level: 109.0 m;
Uncracked portion of the base section: 22.5 m;
Maximum compressive stress at downstream edge: 3.92 MPa.
e (Case 3
Maximum allowable water level: 79.3 m;
Uncracked portion of the base section: 27.8 m;
Maximum compressive gstress at downstream edge: 1.59 MPa.

2.0 NON-LINEAR FINITE ELEMENT APPROACH

When the dam-foundation system subjected to extreme loading

conditions and the risk of cracks propagation are taken

into account by the Finite Element Method, two cases can be

distinguished:

e the crack path is known, as it is often assumed at the
rock to concrete contact or in the rock joints;

e the path is not a priori known, ag it is in the body of
the dam or in the intact rock.

Dealing with the first case, a discrete crack approach can

be effectively adopted. In the second case, the pursuit of

the crack path would imply repeated re-meshing at the crack

tip, a task that can only be performed efficiently by means

of a sophisticated computational tool. In the present
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context the adoption of the smeared crack techniqgue has
been judged wore practical. Furthermore, since the
magnitude of the uplift loading in case 2 and 3 depends on
the length of the crack, the determination of the water
level which causes the failure requires the repetition of
analyses according to the flow chart reported in figure 5.

1

H
» Lland L2 H+8H
A
a &1<'iiﬁiﬁﬁi.>. end
Ll
no
L2 ; v
4 H-8H L2+8p
. ;

Figure 5

In particular, when the loading incremental procedure for a
given level of water H is completed, one has to check if
the a priori assumed uplift distribution is consistent with
the actual opening of the crack.

All the analyses have been carried out using DIANA code
[8] . Three finite element wmodels at different degrees of
mesh local refinement have been considered; the first one
is denoted in the following as “coarse model” the second as
“refined model” the third as “extra-refined model” (Fig.
10} . For the “coarse” mesh, four nodes linear elements have
been used; for the “refined” mesh eight-node isoparametric
elements; for the “extra-refined” mesh three nodes linear
elements. Plane strain is assumed in all cases.

Since the attainment of a limit state has to be simulated
in the analyses, an incremental procedure where the
external loads are increased with fixed load increments can
cause very large predictions for displacements. The problem
can be solved by means of an indirect displacement control
using the “arc-length” method which enables the analyst to
constrain the norm of a selected wvector of incremental
displacements to a prescribed value.
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2.1 Model for the rock concrete interface.

The constitutive model was calibrated to follow the
specified properties of the joint. Material constants are
summarised in the following.

Coulomb friction for interface elements has been specified.
The parameters to be defined for this kind of model are:

the peak cohesion (coh), the friction angle (@), the

dilatancy angle (y). Furthermore the c¢ohesion softening
diagram must be defined versus the corresponding equivalent
plastic relative displacements. In compliance with the
specifications for problem A2 a linear softening has been
assumed and:

coh = 0.7 MPa
@ = 30 degrees
174 = 10 degrees
o = -0.7 MPa/mm
Fig. 6 gives the shear force - shear displacement obtained

in a displacement controlled shearing test carried out with
DIANA and the above material parameters.

Shear force versus displacement

_00E+05
_00E+05
.00E+05 ™,
L00E+05
.00E+05 N
L00E+05 N
L00E+05
.00E+05 Py
LO0E+00

Shear force [N}
Lo S % T ¥V R B« ) W I 1)

0 0.0005 0.001 0.0015 0.002 0.0025

Shear displacement {m]
Figure 6

Joint behaviour described in the specifications of the
benchmark is a piece-wise linear representation of the
actual behaviour of concrete-rock interfaces observed in
different laboratory and in situ tests [6,9,10]1. For
example, Fig. 7,8 show measured values of shear stress vs.
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shear displacement for tests run at ISMES {6,10] on some
concrete-rock interfaces.
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Figure 7. Shear test on a rock-concrete interface: shear
stress vs. shear displacement (detail)
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Figure 8. Shear test on a rock-concrete interface: vertical
displacement vs. shear displacement

The nominal contact area of the specimen is 0.5 wm® (Fig. 9).
Tests were run under an applied vertical pressure exerted
by a servo-controlled flat jack. Nominal applied pressure
values (0.5, 1.0, 1.5 MPa) were selected as representative
of typical normal stresses acting on a dam-foundation
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interface. According to this layout, the joint is free to
displace upwards during shearing.

Shearing was applied by hydraulic servo-~controlled
actuators until a nominal shear displacement of 10% of the
contact length (0.7m) was attained. The shearing rate was

kept low at low displacement values (lpm/s), where severe
peak conditions were expected, and increased thereafter
(1opum/s) .

Figure 9. Shear tests on concrete-rock interfaces: layout
of the testing apparatus set up at ISMES laboratories.

Shear response 1is characterised by neat peak stress
occurring at very small shear displacements (0.02% of the
contact length), followed by a sharp decrease of shear load

carrying capacity (softening) accompanied by dilatancy
increase(Fig. 8). A clear final stage is observed at a
relative displacement of about 2% (residual condition)

where the capability of further sustaining shear stress
reaches a minimum and where vertical relative disgplacements
stop increasing (Fig. 8). Small variations are then mainly
due to non-planar conditions of the average plan of the
joint.

In these tests sharp peak conditions are attributed to a
very effective locking of rock to concrete enhanced by the
interposition of a cement milk, as it was customary in dam
construction. Much Ilower peak strengths are obtained by
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avoiding such films o©of adhesive material [10]. Indeed,
whatever the conditions of the contact, a representation of
the interface response to shear loads characterised by a
peak and a resgidual stage 1is considered adequate for the
purposes of the exercise.

2.2 Smeared crack model for concrete and rock

The commonly used material model for the behaviour of
concrete combines a smeared cracking model for tension with
a plasticity model for compression. In analyses where
tension and compression arise simultaneously in one
particular stress point, these models may lead to numerical
oscillation. The code DIANA offers a combined yield
criterion to describe both the tensile and compressive
regime that is treated as a multi-surface plasticity model
[8]. By the Rankine/Von Mises criterion the bi-axial stress
state in the material can be modelled by a combination of
the yield conditions of Rankine and Von Mises. The first to
describe the tensile regime, the latter to describe the
compressive regime. Parameters to be defined for this kind
of model are: the Rankine yield stress (fct}, the Von Mises
yield stress (fcc), the softening diagram with the selected
gsoftening hypothesis (strain or work hardening}, the
fracture energy (Gf) and the ultimate softening parameter.
The latter depends on the “crack band width” of the
element, for which DIANA assumes by default a value related
to the square root of the area of the element. In
compliance with the specifications for problem A2 it has
been assumed:

for concrete

fct = 1.3 MPa

fec = 24.0 MPa

Gf = 150 N/m

linear softening; internal state variable: equivalent
strain.

for rock

fct = 2.6 MPa

fee 40.0 MPa

Gf = 200 N/m

linear softening; internal state variable: eguivalent
strain.
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2.3 Case 1 (no uplift pressure)

Results may be summarised as follows (marks (1), (2}, (3)
are referred to the coarse, refined and Ileocally extra
refined meshes respectively).

e Maximum allowable water level:
- 107 m (1); 101 m (2); 100 m (3).
Uncracked portion of the base section:
- 43 m (1); 43 m (2); 45 m {(3).
Maximum compressive stress (downstream toe) :
- 5.78 MPa (1i); 6.42 MPa (2); 6.49 MPa (3).

* Diagrams showing displacement Ju, at the crest level
versus loading increments: figure C1.1;

e Diagrams showing displacement 6uy at the upstream toe
versus loading increments: figure Cl.2;

¢ Diagrams showing normal compressive stresses along the
dam base: figure C1l.3;

e Diagrams showing shear stresses along the dam base:
figure C1.4;

e Deformed shapes preceding failure: figures C1.5.

2.4 Case 2 {uplift pressure with full efficiency of drain)

Main results are:

¢ Maximum allowable water level: 94 m (2) ;
Uncracked portion of the base section: 41 ({(2)m;
Maximum compressive stress (downstream): 5.83 MPa (2).

¢ Diagram showing displacement d&u, at the crest Ilevel
versus loading increments: figure C2.1.

¢ Diagram showing digplacement Suy at the upstream toe
versus lcoading increments: figure C2.2.

* Diagram showing normal compressive stresses along the dam
base: figure C2.3.

e Diagram showing shear stresses along the dam base: figure
CzZ2.4.

¢ Deformed shapes preceding failure: figure C2.5.

2.5 Cage 3 (uplift pressure with zero efficiency of drain)

Main results are:
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¢ Maximum allowable water level: 92 m (2);
Uncracked portion of the base section: 32 m (2);
Maximum compressive stregs (downstream): 5.63 MPa (2).

¢ Diagram showing displacement ©o6u, at the crest Ilevel
versus loading increments: figure C3.1.

o Diagram showing displacement SuY at the upstream toe
vergus loading increments: figure C3.2.

e Diagram showing normal compressive stresses along the dam
base: figure (C3.3.

o Diagram showing shear stresses along the dam base: figure
C3.4.

¢ Deformed shapes preceding failure: figure C3.5.

2.6 General summary of results

Main results obtained from different analyses are
summarised in the following table.

H Be Smin UB, UAY On T

Mesh m m | Mpa | wm mm | mpa | MPa

Case 1 - 169 29 - - - 3.9 412.9

Rigid block Case 3 - 79 28 - - - 1.6 {1.6
(1} 107 43 5.78 33.8 3.80 ]2.78}11.61

Case 1 (2} 101 43 6.42 | 26.2 1.65 13.13(2.46

Finite element (3} 100 45 | 6.49 | 21.7 | 1.12 }3.20(2.52
Case 2 (2} 94 41 | 5.83 | 21.9 | 1.87 (2.88|2.34

Case 3 (2} 92 32 | 5.63 { 20.0 | 1.33 [2.78|2.29

The c¢olumn containing “Mesh” at the heading indicates the
refinement of the finite element discretisation, i.e.
“coarse”, “refined” and ‘“extra-refined” for (1), (2) and

(3) respectively. Furthermore: H, B,, Oy, UB,, UA,, o, and

1 stand for maximum allowable water level, uncracked portion
of the base section, minimum principal stress at downstream
toe, maximum horizontal displacement at the crown level,
maximum vertical displacement at the upstream toe, maximum
vertical compressive stress at downstream toe and maximum
shear stregs along the rock-concrete interface
respectively.

We can compare results derived from the rigid block and
finite element methods with each other as well as results
obtained from the different finite element models used in
case 1. Looking at maximum allowable water level H
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determined in absence of uplift {(case 1} we can ocbserve a
satisfactory agreement between the rigid block and the
coarse finite element model whereas gsignificant
discrepancies appear among the results derived from the
three finite element wmodels. The observed agreement on the
water height between rigid block and coarse finite element
models 1is lost when we look at the extension of the
uncracked section Be. With the rigid block method we have a
value of 28 m whereas with f.e. models we have 43, 43, 45 m
for «coarse, refined and locally extra refined models
respectively. The divergences revealed by the f.e. models,
although present, can be considered negligible.

When we consider the minimum principal stress at downstream
edge of the dam, the result derived from the refined f.e.
model matches quite well the one derived from the extra
refined f.e. model; on the other hand both these results
are rather different with respect to the wvalue obtained
from the coarse mesh.

Last, if we, always for case 1, consider displacements, we
can again note rather significant discrepancies: for
instance the extra refined model provides the lowest value
of horizontal digplacement at crown level (i.e. 21.7 mm for
a water 1level egual to 100 m) whereas the almost equal
water level attained by the refined model {101 m) causes a
displacement remarkably greater (26.2 mm). This result can
be explained considering that the extra refined mesh has
very small elements at the bottom o©f the dam but the
element’s size increases rapidly along the height of the
dam. This fact causes a higher average stiffness of the dam
and, in additicn, makes inaccurate the reproduction of
stresses at the mid height of the dam.

For case 3, looking at the maximum water level, we can note
a big discrepancy between the result derived from rigid
block (i.e. 79 m) and finite element {(i.e. 92 m).

3.0 CONCLUDING REMARKS

The stability of an overtopped gravity dam has been
analysed into two different frameworks, namely the rigid
block method, widely used in the engineering practice, and
the non 1linear fracture wmechanics approach implemented in
the finite element method.

The results obtained have pointed out some features of
these analytical tools which deserve further effort to -
allow for a more certain approach to the problem.
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To enhance modelling capabilities, numerical and
experimental investigations should be strengthened.
Numerical experimentation is necessary to gain more
confidence about the robustness of algorithms in non linear
solution procedures especially when a fast softening post
peak Dbehaviour igs expected; in this study it has been
proved that different load  histories can cause the
incapacity of finding static eguilibrium, most likely as a
consequence of purely numerical divergence. A further need
really felt in practice consists in the detection of clear
rules which enable the analyst to select appropriate levels
of discretisation in finite element modelling. With regard
to experimentation, data on uplift pressure and drain
efficiency and complete case histories should be collected
and used to validate predictive numerical models.
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Figure Cl.1 - Case 1 - No uplift pressure

220

S ICOLD Fifth Benchmark Workshop



H water [m]

H water [m}

H water [m]

(1) Coarse Model - Vertical displacement point A

120

100 M

80 ol B

7
60 >

40

ey

20 A

0 ] e

-3.0E-03 -2.0E-03 -1.0E-03 0.0E+00 4.0E-03 2.0E-03 3.0E-03 4.0E-03 5.0E-03
Displacement [m]

(2) Refined Model - Vertical displacement point A

120

100 —m

80 -t

P
60 »

40

[

oy

20 A

‘ H
0 : }

-3.0E-03 -2.08-03 -1.0E-03 0.0E+00 1.0E-03 2.0E-03 3.0e-03 4.0E-03 5.0E-03

Displacement [m]

(3) Extra Refined Model - Vertical displacement point A

120

100

80 // B

i
60 »

44

™

20 A

0 i i

-3.0E-03 -2.08-03 -1.0E-03 0.0E+00 1.0E-03 2.0E-03 3.0E-03 4.0E-03 5.0E-03

Displacement [m]

Figure Cl1.2 - Case 1 - No uplift pressure

Problem A2

221



Normal Tractions

Normal Tractions
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Figure C1.3 - Case 1 - No uplift pressure
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Shear Tractions
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(2) Refined Model - Horizontal displacement point B
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{2) Refined Model - Normal Tractions along the dam base [Pa]
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(2) Refined Model - Horizontal displacement point B
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(2) Refined Model - Normal Tractions along the dam base [Pa]
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Fifth Benchmark Workshop on

Numerical Analysis of Dams

Theme B1 - Stability analysis of a homogeneous embankment dam

1 INTRODUCTION - SCOPE OF THEME B1

During the IV™ Benchmark Workshop held in Madrid in September 1996, the need was
identified for setting up bridges between, on a one hand, conventional stability analyses which
use forces and provide safety factors and, on the other one, rheclogical models whose basic
variables are displacements, stresses and materials states.

The purpose of this Theme B1 is to provide a common frame for several types of methods to be
performed and finally compared, from the FELLENIUS circular stability method to the most
advanced models using coupled constitutive laws for soils. The only common aspects are that
all analyses are 2-D, and they should be carried out in effective stresses. The range of methods
being used is quite open, although the same sets of data shouid be used, and a minimum set of
key results should be provided in all cases.

in order to avoid further discrepancies between results, the subject for Theme B1 has been
kept rather simple. It takes inspiration from the history of a small homogeneous earthfill dam
which was built in Southern France in the early eighties, which has shown some evidence of
unstability during the first drawdown of its reservoir. Pore pressure, influenced by a high initial
degree of saturation, appeared to be the critical factor. However it must be pointed out that the
conditions proposed below for the simulation have substantially been altered from those
observed on the prototype, in order to make the analyses more attractive.

The proposed simulations consist in calculating safety factors prevailing at the upstream shell :
A) at the end of construction, B) in normal operation conditions, at the end of impounding, and
C) after a rapid drawdown. The pore pressure field relative to these three conditions should be
taken into account.

The pore pressure field should preferably be determined through a coupled
{mechanical’hydraulical) analysis, and enough experimental data are provided for such
analyses to be carried out. However, for those who would like to carry out stability analyses
only, information is provided to estimate pore pressure through simplified methods of their
choice.

The stability of the upstream shell of the dam shall be estimated through determination of
safety factors. The calculations shall be carried out in effective stresses, using the
corresponding pore pressure fields for the three conditions.
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The determination of safety factors should be carried out by one of the following ways:

using conventional stability methods : in this case, safety factors will be calculated
according to their definition in the method being referred to (i.e. derived from the
equilibrium of forces, momentums, efc.) ; at least FELLENIUS and BISHOP resuits shall
be provided along a specified circular failure line; other resulis obtained with other
methods and/or other worse failure lines may also be given;

using rheological models (finite elements or others) : in this case, the behaviour of the fill
will be calculated, in terms of (elastic and plastic) displacements, effective stresses etc,,
with different sets of strength properties, and the safety factor will be defined as the
reducing factor which, applied to the strength parameters, produce the failure of the
systemy7.

Each participant is requested to produce his results in a paper which should not exceed 14
pages, and should include:

N

2.1

the methodology used for the analyses,

the selected computation method(s),

the main assumptions for the numerical model adopted, if not widely used,
the sofiware used,

the results, in specified formats (result sheets B1-A, B1-B and B1-C) for purpose of
comparison,

any additional useful result or information.

INPUT DATA

Geometrical definition

This prototype dam has been built in 1979-1980 with a purpose of irrigation; it creates a small
reservoir of 4 million cubic metres which is filled each year in spring, water being released
during the summer. The cross section of the dam is shown in Figure 1 and its main
characteristics are given in Table 1.

1

From numerical point of view the failure is reached when the tangent stiffness matrix reaches a singularify. In
practice this state can be considered fo be aftained when the order of magnitude of the maximum
displacement is changed.
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Table 1: Characteristics of the dam
Maximum height above foundation 24 m.
Crest length 100 m.
Volume of fill 140 000 m?®
Crest elevation 384.70 masl
Crest width 5.00 m.
Slope of upstream face 3H/1V
Slope of downstream face 25HM1V
Nature of fill clay and clayey loam
Nature of foundation rock
Internal drainage vertical + horizontal

The suggested simplified section for computation purposes is defined in Figure 2 and Table 2.

Table 2: Geometrical definition of the cross section
Point Description Y Z
a base of U/S face -76.60{ 362.00
b U/S face -35.50| 375.70
c U/S face -29.601 375.70
d Crest -2.60] 384.70
e Crest +2.60| 384.70
f D/S face +56.75] 363.00
g base of D/S face +59.25] 362.00
h base of vertical drain -0.501 362.00
i top of drain -0.50] 381.80
N top of drain +0.501 381.80
k base of vertical drain +0.50{ 383.00
| upper limit of material 1 (U/S) -52.60| 370.00
m upper limit of material 1 {drain) -0.50| 370.00
n upper limit of material 1 (drain) +0.50] 370.00
o] upper limit of material 1 (D/S) +39.251 370.00
p upper limit of material 2 (drain) -0.50] 375.70
q upper limit of material 2 (drain) +0.50| 375.70
r upper limit of material 2 (D/S) +25.00| 375.70
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Figure 2: Simplifies cross cection for analysis

Figure 1: Cross section of the prototype dam
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2.2 Material properties

The characteristics of the materials are given in Table 3. Their numbers correspond to their
location also shown on Figure 2.

Table 3: Properties and initial conditions of materials in the fill
Materials :| Clayey loam Clay Drain

Characteristics Name | Unit A B8 c D
Specific weight of grains G kN/m® 27.3 27.3 -
Young’s modulus E, MPa 8 5 80
Poisson’s ratio \ 0.3 0.3 0.3
-Effective shear angle ' ° 32 26 36
Effective cohesion c kPa 10 18 0
Dilatancy angle W ° 5 5 5
Vertical permeability K, mis 4.0 x 10°¢ 1.0x10° 1x107°
'Horizontal permeability K, m/s 16.0 x 10° 4.0x10° 1x10°
Proctor Opt. water content | W, % 14.5 18.5 -
Practor Opt. dry density Yaopt | KN/mM® 18.0 17.2 .
Properties at time of placement
Water content W, % 16.5 207 | 21.2 8
Saturation ratio Sr % 95.1 947 | 95.5
Dry density Ya kN/m?® 18.0 17.1 | 17.0 18.6
Measured ratio ufy.h r, - 0.45 0.70 | 0.45 0
Properties in operation
Skempton coefficient B 0.90 0.80 | 0.80 1.0

Note (1) : dilatancy angle  is required only with a Mohr-Coulomb model with a non-associated flow rule; otherwise
=g,

The foundation below el. 362 is supposed to be infinitely rigid and watertight rock.
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3 ANALYSES TO BE CARRIED OUT

3.1 History and load cases

The simplified history proposed for simulation is given in Table 4 below together with the
different conditions for analysis A, B and C. These correspond to the end of construction, the
end of the first impounding, and the end of the first drawdown. Only the stability of the upstream
shell of the dam will be analysed.

Table 4: Summarised time-history for analyses
Period From start of Month n° To end of Month n°
Construction 1 12
Analysis A 12
First impounding 13 18
Analysis B 18
First drawdown 19 22
Analysis C ' 22

3.2 Stability condition A : End of construction

Construction shall be supposed to have occurred during 12 months at a constant rate of
elevation from 362 to 384.70. The dam condition at the end of Month n°12 will be analysed as
condition A.

3.2.1 Pore pressure field

The pore pressure field shall be determined either by a coupled (mechanical/hydraulical)
analysis of construction and consolidation, or by simplified methods, or by a combination of
simplified methods and seepage analyses. '

Results shall be provided on the upper part of Result sheet B1-A and shall include:
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- pore pressure at specified points P1, P2 and P3,

- graph of pore pressure map with iso-contours at 2 metres intervals.

3.2.2 Safety factors

The stability analyses at the end of construction shall be carried out with the pore pressure field
obtained as explained above.

The conventional stability analyses shall include the circular failure line C1 defined on Figure 3.

" Whatever the method being used, results will be given on the lower part of Result sheet B1-A
and shall include:

- Safety factor along circle C1 with the FELLENIUS method,
- Safety factor along circle C1 with the BISHOP method.

Safety factors obtained along other more critical failure lines may optionally be added:; in this
case the failure line(s) will be indicated on the graph. Methods of analysis different from the two
specified will be explained in the text.

If rheological models are used to determine safety factor, the safety factor obtained will be
reported in the last column of the result sheet, and the curve giving the displacement at crest
level (point P4) Vs reducing factor should be given. If the failure line is determined (e.g. as the
line with maximum displacement gradients), the map of incremental displacements and/or
plastic strains will be given on the graph, and the method used will be explained in the text.

3.3 Stability condition B : End of first impounding

The reservoir impounding shall be supposed to have occurred during 6 months from the
beginning of Month 13 to the end of Month 18, at a constant rate of elevation from 362 to
381.30. The dam condition at the end of Month n°18 will be analysed as condition B.

Results of the pore pressure determination and stability analyses shall be provided on Result
sheet B1-B and shall include the same elements as for condition A.
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3.4 Stability condition C : End of first drawdown

The lowering of the reservoir shall be supposed to have been done at a constant rate from el.
381.30 at the beginning of Month 19, to el. 362 at the end of Month 22.

The dam condition at the end of Month n°22 shall be analysed as condition C.

Results of the pore pressure determination and stability analyses shall be provided on Result
sheet B1-C and shall include the same elements as for conditions A and B.
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Result sheet B1-A: End of Construction

1 - Pore pressure

Point n 74 5}

pressure (kpa)

Head (n)
w EB -0 40 | -0 -0 1
b

/ \
2 = / ¢ P3 I \t
s L 4y
L
o // Pl
/
365
30
2 - Stability - Factors of safety
Feilure Tine Circle ct {ritical line F Displacenent #4 {am) Displacenent 5 {cn)
SF (Fellenius) factor i & dy é
SF (Bishop)
SF {other)
IR 1) 50 40 0 0 -0 ]

I P5
3

1 ?4 — / R

) A
/
360

238 ICOLD Fifth Benchmark Workshop




Result sheet B1-B: End of Impounding
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Result sheet BI-C: Rapid Drawdown
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This report was prepared by the formulator of Theme B1 :
Alain J. CARRERE, Coyne et Bellier,
Gennevilliers, France

in collaboration with the participants to theme B1 of the Benchmark Workshop :

Participant #1 (P1): C. Brunet, J.J Fry (France)
Participant #2 (P2) : La Barbera, A. Bani and G. Mazza (Italy)

Participant #3 (P3) : D.V. Griffiths, R.L. Torres, P.A. Lane (U.S5.A.)
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.0 INTRODBUCTION TO THE PROBLEM OF THEME B1

yuring the IV™ Benchmark Workshop held in Madrid in September 1996, the need was identified
Jr setting up bridges between, on a one hand, conventional stability analyses which use forces
nd provide safety factors and, on the other one, rheological models whose basic variables are
lisplacements, stresses and materials states.

"he purpose of this Theme B1 was to provide a common frame for several types of methods to
e performed and finally compared, from the FELLENIUS circular stability method to the most
.dvanced models using coupled constitutive laws for soils. The only common aspects are that
It analyses are 2-D, and they should be carried out in effective stresses. The range of methods
«eing used was quite open, although the same sets of data should be used, and a minimum set

f key results should be provided in all cases.

1 order to avoid further discrepancies between results, the subject for Theme B1 has been kept
ather simple. It takes inspiration from the history of the MONDELY dam, a small homogeneous
arthfill dam which was built in Southern France in the early eighties, which has shown some
widence of unstability during the first drawdown of its reservoir. Pore pressure, influenced by a
ligh initial degree of saturation, appeared to be the critical factor. However it must be pointed
ut that the conditions proposed for the simulation have substantially been altered from those
bserved on the prototype, in order to make the analyses more atiractive.

"he databook for Theme B1 contains all details on the dam geometry, mechanical propetties of
e materials as well as conditions for their placement, time history of construction, impounding
.nd beginning of operation of the reservoir.

"he proposed simulations consisted in calculating safety factors prevailing at the upstream
hell: A) at the end of construction, B} in normal operation conditions, at the end of impounding,
.nd C) after a rapid drawdown.

‘or each of the three conditions to be analysed, the pore pressure field should first be
waluated, then the safety factor against failure should be provided.

1 order to allow comparisons between analyses from different contributions, the pore pressure
ad to be indicated at 3 points close to the top of the upstream face, and the local safety factor
ad to be given along a determined circular slip surface; these points and this surface had been
hosen according to the behaviour of the prototype.
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2.0 DESCRIPTION OF CONTRIBUTIONS

Three participants presented a communication to this 5™ Benchmark Workshop. They are :
o P1: EDF - CNEH {Chambéry, France),
s P2: Ismes and Enel (Seriate, Milano, ltaly),

o P3: Colorado School of Mines (Golden), with USBR (Denver) and UMIST (Manchester, UK).

2.1 CONTRIBUTION OF PARTICIPANT P1

Parﬁcipant P1 has used limit equilibrium methods (TALREN3 software), finite elements
(GEFDYN) and finite differences (FLAC).

For limit equilibrium methods, pore pressure has been evaluated using Bishop's approximation,
applying provided coefficients Ru (construction and impounding) and B (drawdown). Analyses
through flow nets have also been carried out. Safety factors have been calculated following
Fellenius, Bishop, and the 'perturbation method!, close to Bishop's. Two slip surfaces have been
assumed, the circle determined in the databook at the top of the upstream face, plus a second
larger circle along the whole upstream face.

Finite elements methods implemented in GEFDYN have been used with a fully coupled model,
with the compressibility of the fluid being adjusted in order to meet the provided value of the B
coefficient. The mechanical behaviour of the fill has been represented with an elasto-plastic
Mohr-Coulomb model with a non-associated flow rule. The stability has been assessed along
the same pre-determined slip surfaces as for the equilibrium methods, the safety factor being
calculated by integration of local safety factors (distance of the stress circle to the Mohr-
Coulomb criterion).

Assumptions for finite difference method are globally similar to those for finite element ones.

2.2 CONTRIBUTION OF PARTICIPANT P2

Participant P2 has used limit equilibrium methods (FELLENIUS and PENDII software), and finite
elements (OMEGA).

For limit equilibrium methods, pore pressure has been evaluated using Bishop's approximation,
applying provided Ru coefficients Ru. Pore pressures calculated by the coupled FEM analyses
have also been used at this level. Several slip surfaces have been analysed including automatic
determination of the most critical one.

For finite elements analyses, a coupled 2-phase model ECAM (extended from Cam-Clay) using
both Driicker-Prager and Mohr-Coulomb failure criteria. Construction has been simulated in 10
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stages with a coupled approach. Impounding and drawdown have been calculated uncoupled,
the pore pressure variation being analysed separately. Safety factors have been determined by
decreasing resistance parameters until the displacements are significantiy increased.

2.3 CONTRIBUTION OF PARTICIPANT P3

Participant P3 has used finite element method, together with a Mohr-Coulomb failure criterion.
Pore pressure has been evaluated using Bishop's approximation, applying provided coefficients
Ru and B. Safety factors have been determined by decreasing resistance parameters until the

displacements are significantly increased.

Table 1 gives a general view of the methods and assumptions used by different contributors.

R

Table 1 — Methods and assumptions used by Contributors

A : End of B : End of C : Rapid
construction | impounding | drawdown
Pore pressure determination
P1 From Ru +
Approx. Bishop
Seepage analysis +
P2 Seepage analysis
P3 Approx. Bishop
Determination of factors of safety
P1 Equilibrium  Fellenius + + +
Bishop + + +
) Perturbations + + +
Finite elem. Local S.F. + + +
e e Eite DL + + +
P2 Equilibrium  Felienius + + +
Bishop + + +
Janbu + + +
Spencer + + +
Finite elem. Global S.F. + + +
P3 Finite elem. {Global S.F. + + +
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3.0 PRESENTATION AND DISCUSSION OF RESULTS

3.1 PORE PRESSURE

Pore pressure at determined points P1, P2 and P3, provided by the different Contributors, are
given in following Tables 2 to 4, expressed in kPa.

Table 2 — Pore pressure ~ A End of construction

Contributor | Method P1 P2 P3 Observations
Pi Ru 96 69 26 Cafculated from Ru provided
P1 FEM 91 69 24 Coupled analysis, uncompressible
water, unsaturated (Bishop)
P1 FDM 98 55 22 Coupled analysis, compressible water,
saturated (Bishop)
P2 FEM 103 73 36 Coupled analysis, ECAM

Table 3 — Pore pressure — B End of impounding

Contributor { Method P1 P2 P3 Observations

P11 Seepage 74 60 19 Uncoupled seepage analysis

P1 Bishop 117 74 26 Bishop approximation

P1 FEM 86 57 11 Coupled analysis, uncompressible
water, unsaturated (Bishop}

P1 FDM 111 55 16 Coupied analysis, compressible water,
saturated (Bishop)

P2 FEM "4 27 -20 Coupled analysis, ECAM

Table 4 — Pore pressure ~ C Rapid drawdown

Contributor | Method P1 P2 P3 Observations

P1 Seepage 62 52 14 Uncoupled seepage analysis

P1 Bishop 94 68 26 Bishop approximation

P1 FEM 47 27 1 Coupled analysis, uncompressible
water, unsaturated (Bishop)

Pt FDM 86 41 10 Coupled analysis, compressible water,
saturated (Bishop)

P2 FEM 23 4 -52 Coupled analysis, ECAM
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“igure 1 below also shows the different results obtained by the different methods used.

t can be seen that the pore pressure given at the end of construction is roughly consistent
)etween each other. This can be seen as the result of adopting the Ru coefficient given in the
latabook, either directly, or indirectly through seepage analyses aiming to fitting the given
rafue.

\t the end of impounding, values provided are less consistent between each other, probably
lue to the variety of determination methods used. This is still truer after the drawdown has
een simulated, with a total bandwidth of 14 metres of water head.

Figure 1 : Pore pressure calculated at fixed points
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at the end of construction, impounding and drawdown
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3.2 FACTORS OF SAFETY

Pore pressure at determined points P1, P2 and P3, provided by the different Contributors, are
given in following tables (expressed in kPa).

Table 5 — Factors of safety ~ A End of construction

Contributor { Method | Circle C1| Critical Critical Observations
S.F. line
P1 Fellenius 1.11 1.37 Large U/S |Pore pressure from Ru provided
P1 Bishop 1.40 1.44 Large U/S |Pore pressure from Ru provided
P1 Perturb. 1.40 1.45 Large U/S | Pore pressure from Ru provided _
P1 FEM 1.44 1.18 Pore pressure from Ru provided, critical
circle selected similar to eq. Methods
P1 FDM 1.52 1.09
p2 Fellenius 1.30
P2 Bishop 1.46 1.43 Large U/S
& D/S

P2 Janbu 1.29
P2 Spencer 1.44
P2 FEM 1.70 Large U/S | Coupled analysis, ECAM, displacement

- &D/S |0.78cm
P3 FEM 2.00 D/S No uplift

For this loading, all methods in which an automatic determination of the critical slip surface have
found that it was located on the D/S face which is steeper. The prototype actually showed some
unstability at the end of construction, due to especially wet weather conditions that led to
increased water contents of the fill. The rest of the structure appeared to keep stable at this
stage, despite the fact that construction rates were much higher than stipulated for the exercise.
Values given at the end of construction are shown on Figure 2.
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Figure 2 : Factors of safety at the end of construction
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Table 6 — Factors of safety — B End of impounding

Contributor | Method | Circle C1| Critical Critical Observations
S.F. line
P1 Fellenius 273 Large U/S |Pore pressure from seepage analysis
P1 Fellenius 1.80 Large U/S |Pore pressure from Bishop approx.
P1 Bishop 3.28 Large U/S | Pore pressure from seepage analysis
P1 Bishop 2.35 Large U/S | Pore pressure from Bishop approx.
P1 Perturb. 3.22 Large U/S |Pore pressure from seepage analysis
P1 Perturb. 2.29 Large U/S | Pore pressure from Bishop approx.
Pt FEM 3.29 2.79 Coupled analysis, uncompressible
water, unsaturated (Bishop)
P1 FDM 4.69 3.52 Coupled analysis, compressible water,
saturated (Bishop)
P2 Fellenius 2.60
P2 Bishop 3.30 2.86 Large U/S
& D/S
P2 Janbu 2.88
P2 Spencer 3.57
P2 FEM 217 Large U/S
& D/S
P3 FEM 2.00 b/s

All methods give high safety factors, whatever the method being used. In fact, the prototype on
which the exercise is based showed no abnormal behaviour during the impoundment of its
reservoir, which occurred within a couple of months.

However the wide variation between results is to be noticed, which is due to the discrepancies
between pore pressure values as already stated. Of special interest are results provided by
Participant Pt who carried out pairs of analyses with the same methods, the only difterence
being is the determination of pore pressure: if using Bishop's approximation, factors of safety
are approximately 30 percent lower than with a seepage flow analysis (the six first lines of Table

6).
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Figure 3 : Factors of safety at the end of impounding
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Table 7 — Factors of safety — c Rapid drawdown

Contributor | Method | Circle C1| Critical Critical Observations
S.F. line
P1 Fellenius 1.75 1.34 Large U/S | Pore pressure from seepage analysis
P Fellenius 1.14 1.90 Large U/S | Pore pressure from Bishop approx.
P Bishop 2.02 1.38 Large U/S | Pore pressure from seepage analysis
P1 Bishop 1.45 2.00 Large U/S | Pore pressure from Bishop approx.
P1 Perturb, 2.01 1.38 Large U/S | Pore pressure from seepage analysis
P1 Perturb. 1.44 2.01 Large U/S | Pore pressure from Bishop approx.
P1 FEM 224 1.60 Coupled analysis, uncompressible
water, unsaturated (Bishop)
P FDM 1.89 1.32 Coupled analysis, compressible water,
saturated (Bishop)
P2 Fellenius 2.00
p2 Bishop 2.36 1.59 Lower U/S
P2 Janbu 2.01
P2 Spencer 2.33
P2 FEM 1.50 Lower U/S
P3 FEM 1.55 u/s

The same remarks already done for the previous load step are still valid, with inverted results
according to the slip surface assumed by Participant P1: the large upstream circle appears
more stable if pore pressure is calculated than with Bishop's approximation. It has to be recalled
that the ‘critical circle' for this participant has not been determined by each method, but fixed for
all different methods, with the purpose of making comparisons easier.

From Table 7 above, most participants seem to converge to saying that the most critical slip
surface is a large upstream circle. However the prototype showed a failure surface, with a slip of
several decimetres, at the fop of the upstream face. This occurred shortly after a nearly
complete drawdown of the lake, in less than 2 months of time. The main reason for this type of
failure has been attributed to the use of slightly more plastic materials at the top, and to higher
water contents, which did the zoning provided in the databook incompletely represent.
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Figure 4 : Factors of safety at rapid drawdown
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4.0 CONCLUSIONS

Safety factors provided by different participants using different methods of analysis cover wide
ranges, especially load cases B and C. It is possible to investigate on reasons for such
discrepancies, thanks to the number of different methods used by several participants.

Differences between equilibrium methods are small and consistent : for example, safety factors
coming from Fellenius method are in average 14 percent less than if given by Bishop method
(11 pairs of values coming from the same participant); in the same way, resuits from Janbu
method are comparable to Fellenius' (3 pairs), and on the other side the Spencer and
perturbations methods are consistent to Bishop (6 and 3 pairs respectively). These relations are

already known.

When comparing results provided by different participants using the same equilibrium method
(Bishop), results become more scattered: from 1.40 to 1.46 at the end of construction, but from
1.80 to 3.30 at the end of impounding, and from 1.45 to 2.36 at the end of drawdown. This
clearly indicates the pore pressure field as the main responsible for discrepancies observed,
which affects results not only of equilibrium methods, but also FE methods.

Another reasons for differences in FE results is the mean of calculating safety factors:

- participant P2 followed the suggestion to compute it as the reducing factor applied on all soil
resistance parameters for which the displacement is strongly increased,

- participant P1 first calculated a local safety factor at each point as a distance of Mohr circles
to the yield curve, then integrated them along assumed lines.

Altogether, participants were unable to detect the failure that actually affected the upper part of
the upstream face of the prototype at drawdown, and gave for this event safety factors ranging
from 1.14 to 2.36 for the actual failure surface. On the opposite, they found the critical surface
as a large U/S circle with safety factors between 1.34 and 2.01, with an average at 1.5 similar to

predictions by the designer of the prototype.

This fact is likely {o be due to the simplified materials properties provided, which did not
represent the full reality. It is also likely that the redundancy between intrinsic parameters
{compressibility, permeability) and the placement parameters measured (Ru, B) were not fully
consistent between each them. Actually the sliding of the upper zone of the U/S face was
attributed to high local increase of pore pressure which did not dissipate even after a long time,
for reasons which are not yet completely clarified.

If pore pressure had been discarded from the exercise, or if its determination method had been
fully imposed, it is likely that results would have kept within a reasonable narrow range of
variation. By leaving freedom in pore pressure determination way, participants were in fact put in
conditions similar to that of the designer of a new dam, who has only uncompleted or inaccurate
data to work out his project.
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“he conclusion of the exercise may seem obvious, but it still needs to be recalled: pore pressure
1 impervious materials is strongly influenced not only by intrinsic propetrties of these materials,
yut also and mainly by conditions of placement: saturation ratio, compaction energy, speed of
aising of the fill. These parameters are badly known at the time of design, if fill tests are not
.arried out, which is the general case for small dams. The only practical way for the designer is
herefore to make reasonable assumptions based on experience, then to follow construction
hrough appropriate monitoring during construction, and 10 permanently adjust placement
:onditions as required.

_essons for the future benchmark subjects can also be drawn from this :

. The main difficulty of the present exercise was clearly identified, since resuits in terms of

" pore pressure were required. But the second aspect, the purely 'mechanical' one, could not
be judged independently from the other. An intermediate step, e.g. by asking a stability
analysis based on total stresses, would have been profitable for this purpose,

». Extracting data from a real problem is very delicate, because the necessary simplification of
data provided to participants may affect their influence on the results, which in turn makes
the comparison with the prototype meaningless ; a similar observation had already been
done during the previous benchmark workshop in Madrid. It is therefore maybe wiser to limit
subjects to purely academic ones, or to refer only to very simple historical cases.
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Figure 1 below also shows the different results obtained by the different methods used.

It can be seen that the pore pressure given at the end of construction is roughly consistent
between each other. This can be seen as the result of adopting the Ru coefficient given in the
databook, either directly, or indirectly through seepage analyses aiming to fitting the given

value.

At the end of impounding, values provided are less consistent between each other, probably
due to the variety of determination methods used. This is still truer after the drawdown has been

simulated, with a total bandwidth of 14 metres of water head.

Figure 1 : Pore pressure calculated at fixed points
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Figure 2 : Factors of safety at the end of construction

Theme B1 - Comparison of Results - Safety Factors for the End of Construction

Part. 1 (Fellenius) §

8 Cirdle C1

Part. 1 {Bishop) §
B critical

Part. 1 (parturbations)
Part. 1 (FEM) &

Part. 1 (FDM)
Part. 2 (Fellenius) [
Part. 2 (Bishop) k
Part. 2 (Janbu)

Part. 2 {Spencer) S

Part. 2 (FEM)

2 2,00

T T g T

0,60 1,00 1,40 1,80 2,20 2,60 3,00
Safety factors

258 ICOLD Fifth Benchmark Workshop



Figure 3 : Factors of safety at the end of impounding

Theme B1 - Comparison of Results - Safety Factors for the End of Impounding
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Figure 4 : Factors of safety at rapid drawdown
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are given by the formulator.

below.

1 INTRODUCTION

Theme Bl of the fifth benchmark workshop on numerical analysis of
dams is the stability analysis of an homogeneous embankment dam.
The gecmetrical definition of the dam and the material properties

These characteristics are reminded

i
b [ @ pllla G-') r
P — B
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Table 3: Properties and initial conditions of materials in the fill
Materials :| Clayey loam Clay Drain

Characteristics Name | Unit A B C D
Specific weight of grains G kN/m? 27.3 27.3 -
Young's modulus E, MPa 8 5 80
Poisson's ratio v 0.3 0.3 0.3
Effective shear angle o ° 32 26 36
Effective cohesion c’ kPa 10 18 0
Dilatancy angle Wy ° 5 5 5
Vertical permeability K, mifs 4.0x10* 1.0x10° 1x10?
Horizontal permeability K, mis | 16.0x10°% 4.0x10° 1x10%
Proctor Opt. water content | W,; 1 % 14.5 18.5 -
Proctor Opt. dry density Yaope | KN/M? 18.0 17.2 -
Properties at time of placement
Water content W, % 16.5 207 | 21.2 8
Saturation ratio Sr % 95.1 94.7 | 955
Dry density Ya kN/m? 18.0 17.1 1 17.0 18.6
Measured ratio ufy.h ry - 0.45 0.70 |- 0.45 o
Properties in operation
Skempton coefficient | B | 0.0 | 080 | 080 | 1.0
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Three approaches have been developped to analyse the stability

- the first one is the limit équilibrium methods assessing
the slope stability of the upstream face. The pore pressure field
in the embankment computed by the flow net NS2D software is
implemented in TALREN3 software to analyse the safety factor by
the method of slices.

- the second one is an elasto-plastic model with the Mohr
Coulomb constitutive equations for the soil. The problem is
solved by a Finite Element Method. GEFDYN software is used for
this computation. This software have been developped by
Electricite De France, Coyne et Bellier and Ecole Centrale de
Paris for geotechnicals applications and specially for the

computation of dams.
- the third one is also an elasto-plastic model with the

mohr coulomb constitutive equations, but the integration is
solved by a finite difference method. FLAC software is used in

this case.

In this study, the pore pressure field have an over-riding
influence in the computation of safety factor, when the shear
parameters {cohesion and friction angle) are known.

The assumptions of the pore pressure computations of each
approach are given in chapter 2. The assumptions of stability
analysis in chapter 3.

Both results of pore pressure and stability factor are presented
in chapter 4.

Conclusions of this survey are given in chapter 5.

2 PORE PRESSURE, COMPUTATION

2.1 Limit equilibrium method

For limit equilibrium method, the pore pressure field has to be
computed regardless of the stability analysis. Two tyvpes of
uncoupled approach are used

1. the undrained method related to Bishop assumption: This
method doesn’'t take inteo account the seepage into the
embankment and the pore pressure is only due to a load. The
bore pressure u is generated by the overburden above the
considered point with the following relationship

u=u,+a.y.H
- U is the pore pressure following compaction during

construction, during the impounding u, is the pore
pressure at the end of the construction and during
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B

the drawdown the pore pressure at the end of the

impounding.

- a is a multiplicative coefficient. For the

construction and the impounding this factor is the ;
pore pressure ratio ry. For the drawdown, it is the o
pore pressure coefficient B,

- g.H is the overburden above the considered point.
During the construction, g.H is the total vertical -
stress created by the vertical colum of placed
material. During the impounding and the drawdown, it
is the wvertical stress below the vertical column of
water (fig 2.1).

u—w+r

- .
®u=u;+¢ H,
Figure 2.1 : overburden in undrained method

2. Analysis of the seepage and flow net through the embankment
from Finite Element Method. The permeability is constant in
the saturated media and function of the saturation for the
unsaturated media. The seepage analysis start at the
beginning of the impounding with the pore pressure field —
achieved during construction with the undrained method. For .
this computation some assumptions on the material e
properties are required. The soil water characteristic
curves in the unsatured area, are achieved with 7
correlations based on the index of plasticity (I,). From i
I,, we can have the a and n parameters of Van Genuchten
model ([ref 1, 2, 3, 4]. For the clayed loam, Ip is supposed E
to be 15 and 25 for the clay (fig 2.2). two relations are :

used : the relation beetween the negative pore pressure and
the water content and the permeability versus the water N
content. ;
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Figure 2.2 soil water characteristic curve for the clay

264 ICOLD Fifth Benchmark Workshop




The influence of the compressibility of the satured soil, under
the pore pressure change is taken into assuming the total
stress constant and founded on the Young modulus of the soil.

2.2 Finite element analysis

With the finite element analysis, the pore pressure is compute
directly by the fully coupled model. As in the seepage
computation for limit ecuilibrium method, two relations are used
the relation beetween the negative pore pressure and the water
content and the permeability versus the water content. The model
of Van Genuchten is also used in this case, with the same
parameters given above (fig 2.2).
Because of the degree of saturation after compaction (95%) during
placement, the initial pore pressure of the layer is negative at
the value of -2 meters. This value can be red on the curve water
content versus negative pore pressure (fig 2.2) and is
automatically computed by GEFDYN software.
The change in boundary conditions which occurs on potential
seepage surfaces is taken into account in this analysis. It is
necessary to have a real unsatured media and special interface
element is required on the boundary of this model (ref 5).

With the finite element method, two analysis have been done

- for the first one, the fluid is supposed to be uncompressible,
- for the second, the fluid compressibility is get from the
Skempton pore pressure ratio B. The relation ship beetween B and
water compressibllity is given below.

Kw : bulk fluid modulus,
Ks : bulk soil modulus
n : porosity

2.3 Finite difference analysis

The finite difference analysis assumed a saturated media with
compressible fluid. The value of the compressibility of the fluid
depend on the material, and it have been fitted with the pore
pressure ratio B in each material with the same relation ship
used with the finite element model.

For this model, the pressure in the drain is nil. The pore
pressure is also fixed at zero on the upstream and downstream
faces. This boundary condition have an important influence in
pore pressure generation as we can see on the results (chapter
4.1).
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3 STABILITY ANALYSIS

3.1 Linmit equilibrium method :

Three methods of slices have been used to compute the limit
equilibrium :
- Fellenius,
- Bishop,
- Method of perturbations.
Two slip surfaces have been tested (fig 3.1)
* the first ome is shaped by the circle C1 (center coordinates
-20,39, radius : 20 meters)
¢ the other is the circle C2 (center coordinates - -52,43,
radius : 133 meters). The circle C2 intersects the upstream
toe and the crest of the dam. In a view of comparing more
accuratly the results, that critical line given by the
method of slices and the elasto plastics method are compared
on. This circle is close to the critical surface given by
the finite difference model (see chapter 43 .

Y
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Figure 3.1 : slip surfaces and position of the comparison points

The limit equilibrium method of Fellenius and Bishop are well
known and are not described in this paper. The method of
perturbations is a global method : the three equations of the
static equilibrium are established. The assumption of the method
of perturbations is to take the initial stress given by the
Fellenius method and to multiplicate it by a factor of
perturbation depending on two unknowns : 1 and m

Op =0p *(A+u*tg(o))
Fo (0, —u)*1gd +¢
Et
The three static equilibrium équations with the three unknowns 1,
m,and F are scolved.
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3.2 RElasto plastic model :

According to the shortcomings of the method of slices the elasto-
plastics models are used with previous hypothesis. The finite
elements mesh has 1644 elements and the finite difference mesh
1628. Both have 23 layers which are placed successively during
the 23 construction steps. The reservoir is impounded in 28 steps
and the drawdown in 12 steps for the finite element method. 70
steps are used for the impounding and the drawdown for the finite
difference method. Note that the number of steps in the finite
difference method is depending upon the mesh.

GEFDYN software is used for the finite element analysis and FLAC
for the finite difference analysis.

The elasto-plastic Mohr-Coulomb constitutive model is used in
both with a non-~associated flow rule. So the dilatancy angle
given in the general hypothesis is taken into account. The Mohr
Coulomb model is not very accurate for the behaviour of clays,
and more realistics laws which include multimecanism of vield
{isotrope and shear plasticity) and strain hardening could bhe
used. Unfortunately the experimental data are required to
calibrate multimechanism elastoplastic model.

The generalized effective stress principle of Terzaghi is
justified in the unsatured media used with the finite element
computation according to the high degree of saturation leading to
the continuity of liguid phase in the clay and the discontinuity
of the air phase.

The stability is assessed with a local safety factor as defined
hereunder:

The local safety factor is calculated for each element and the
global safety factor is an average of the whole lccal safety
factor except the section of the circle on the upstream side of
the drain for the circle C2.

|
Fo= X0

local safety factor
i : element lenght along the circle
L. : lenght of the slip surface
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4 RESULTS

4.1 Pore pressure

At the end of the construction, the maximum of pore pressure is
located at the foundation contact at the bottom of the mesh. The
pore pressure computed analytically with the pore pressure ratio
ry for the limit equilibrium method is 200 KPa, whereas the pore
pressure from the elasto-plastic model is greater with the finite
difference model (220 KPa) and lower with the finite element
model (170 KPa). The effect of the seepage and the nearness of
the drain explain the difference beetween these results. For the
limit equilibrium method, the seepage isn’'t take into account to
achieve the pore pressure and the maximum is near the drain. Even
thought it is an important short-coming of this method, it could
be quite satisfactory because this result is beetween the results
get with and without compressible fluid. For the finite element
method the fluid is uncompressible making the seepage faster and
the pressure lower whereas for the finite difference method the
pore pressure is greater and nearer the drain because of the
compressibility of the fluid.

pore pressure maximum 200 KPa
pore pressure for the limit equilibrium method

pore pressure maximum220 KPa
pore pressure for the finite element method

pore pressure maximuim 170 KPa

pore pressure for the finit difference method

Figure 4.1 : Pore pressure at the end of the construction for the
analical and elasto plastic model
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As we can see in figure 4.2, the maximum of the pore pressure is
risen before the end of the construction at the bottom of the
model near the foundation.

Whereas the pore pressure build-up is bigger with the
uncompressible water model, the dissipation of the pore pressure
is faster. For point 1, the difference is around 2 metres at the
end of the construction whereas it is only 1 meter at the end of
the impounding. After all, at the end of the construction, the
pore pressure, calculated with the finite difference model is
close to the pore pressure calculated with the finite element
model .

The value of the compressibility of the fluid have a over-riding
influence on the pore pressure build up. the difficulty for the
computation is to know as accuratly as possible the distribution
of pore pressure so the distribution of coefficient B in the
embankment, The nearness of the drain changes the value of the
compressibility of the fluid depending on the pore pressure
itself. The best solution to have the more accurate behaviour,
would be to fit some triaxial isotropic test of the material with
B varying in order to located much better the increase in pore
Pressure in the soft clay area.
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Figure 4.2 : Comparison beetween pore pressure get with the

uncompressible and compressible model for the construction, the
impounding and the drawdown.

During the construction, the pore pressure stay negative until
the overburden reaches about 30 KPa. This corresponds to the
vertical stress under the next 2 layers placed
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Figure 4.3 : Comparison beetween pore pressure obtained with
Finite Element Method and Finite Difference Method during the
construction, the impounding and the drawdown

For the Finite Element Model, a potential seepage surface is
taken into account whereas the pressure on the upstream and
downsream faces of the finite difference model are fixed at zero.
In the first case negative pore pressure is allowed and there is
a computation of the seepage in the unsatured area whereas the
model stay satured in the second case. Pore Pressure is more
important with the Finite Difference Model, wich can be easy see
at the end of the drawdown for points 1, 2 and 3 of the figure
4.3.
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Figure 4.4 : comparison beetween pore pressure get with uncoupled and coupled method
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At the end of impounding the higher pore pressure is achieved by
the Bishop method, that leads naturally to the lowest global
safety factor for the upstream part of the dam and circle C1. For
the drawdown, same type of results is found.

The permeability of the clay make the pressure very low, and the
impounding have nearly no influence on the seepage computed for
the limit equilibrium method. This computation is cnly a
computation of the seepage without taking into account the
overburden of the water weight. The increase of pore pressure
during the impounding, due to this overburden, is brought to the
fore with the elastoplastic method.

The elastoplastic method give intermediate resultsbeetween the
pressure achieved with hydraulic computation and the pressure get
with the undrained method.

4.2.1 Local safety factor

Figure 4.5Jiriso/contours of the local éafety factor for the
finite element model and for the finite difference model at the
end of the construction

Figure 4.6 : iso contours of the shear deformation for the finite

element model and for the finite difference model at the end of
the construction

The local safety factor and the shear displacement give an idea
of the yield area in our example. It is the area B, at the end of
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the construction. The distribution of the local safety factor can
draw the slip surface. The maximum of shear displacement
(approximatly 0.02) is achieved in the same area of the maximum

of maximum local safety factor.approximatly.

4.2.2 Global safety factor

Failure line circle C1 | circle C2
SF (Fellenius) 1.11 1.37
SF (Bishop) 1.4 1.44
SF (Perturbations) 1.4 1.45
SF finite element method 1.44 1.18
SF finite difference method 1.52 1.09

Table 4.1 safety factor at the end of the construction

B At the end of the construction, the lowest safety factor is
1.09 for circle C2, given by the Finite Difference Method
(table 4 .1}. The important pore pressure calculated at the
bottom of the dam is the reason of this result. Safety factors
obtained with the limit equilibrium method are more important
because of the less pore pressure calculated even with the
Bishop method. For Circle Cl, Fellenius method of slices gives
the lowest value whereas over methods give the same value,
arround 1.4.

methods Point Pl P2 P3
limite equil. : seepage computation pressure (kPa) 73.6 60.2 19.4
Limite equil. : Bishop method pressure (kPa) | 16.7 73.8 26.1
finite clement method pressure (kPa) | 85 g 56.5 11.1
finite difference method pressure (kPa) ¢ 111.1 549 15.8
limite equil. : seepage computation Head (m} 7.51 6.14 1.98
lienite equil, :bishop method Head (m) 11.6 7.53 2.66
finite efement meathod Head (i) 875 5.76 1.13
finite difference method Head (m) 11.32 8.50 1.6

Table 4.2 : safety factor at the end of the imponding

- At the end of impounding, the lowest safety factor is
calculated on the downstream face of the dam, for the first
impounding (table 4.2). The lowest global safety factor of the
upstream face is given by the Bishop limit equilibrium method
because the pore pressure are the highest in that case.
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Failure line circle C1 | cirele C
SF (Fellenius) sespage compul. 1.75 1.34
SF (Fellenius) bishep method 1.14 1.9
SF (Bishop) seepage comput 2.02 1.38
SF (Bishop} bishop method 1.45 20
SF (Perturbations) seepage comput. 2.01 1.38
SF (Perturbations) bishop method 1.44 2.01
SF finite element method 2.24 1.6
SF finite difference method 1.89 1.32

Table 4.3 : safety factor at the end of the drawdown

- At the end of the drawdown, we find again the lowest safety
factor with finite difference method for circle C2 (table 4.3).
For circle Cl1l, Bishop method of pore pressure computation
assiociated with Fellenius method of slices give the lowest

safety factor.

4.2.3 8lip surface given by the finite difference method

The shear parameters, cohesion and tangent of friction angle,
have been divided by an increasing factor b up to obtaining
uncalculable displacements. The dilatancy angle, For this
computation is egual to 0, imposed by the search of yield.

Figure 4.7 : Slip surface given by finite difference method
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Fig 4.8 : Displacement at point 5 versus the global safety factor for the finite difference model
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The shear parameters can be divided by a factor of 1.09 to have a
displacement which an important value, and cannot be divided by
1.1, corresponding to the yield of the upstream face iz achieved

5 CONCLUSIONS

Differences beetween the safety factors come mainly from the
differences beetwen the method of pore pressure computation.
Among the assumptions of the computation, the value of the
compressibility of the fluid is over-riding, during the
construction or drawdown.

A potential seepage surface on the upstream and downstream faces
of the dam is neccessary to have a unsatured media. Without this
surface, the pore pressure at the end of the drawdown seem to be
very important and lead to low safety factor.

The mechanical behaviour of the dam is mainly dependant upon the
pore pressure generation and decrease. To have an accurate
hydraulic behaviour, isotrope triaxial tests are required to
improve the pore pressure build-up parameters, in particular near
the drain which have a big importance . In this case, parameters
known do not lead to have circle Cl as the critical slip
surface.
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1 - Pore pressure

Result sheet B1-A: End of construction

methods Point Pl P2 P3
limite equilibrium method pressure (kPa) 96.4 68.6 25.5
finite element method pressure (%Pa) o1 69.2 24.1
finite diffcrence method pressure (kPa) 08.1 54,7 219
classical method Head (m} 9.83 7.0 2.6
finite element methed Head (m) 9.27 7.05 2.46
finite differcnce method Head {m) 9.99 5.57 2.23
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Failure line circle C1 | circle C2 Settlement P4 (cm)- Setttement PS (cm)
. dy dz dy dz
SF {Fellentus) 1.11 1.37 :
SF (Bishop) 14 1.44 ﬁnfrc cl-cmcnl mcthc;iod -7.03 -0.44 0.56 -2.72
SF (Perturbations) 1.4 i.45 .| ffnite difference me -11.95 | 0.17 0.33 -2.09
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SF finite difference method 1.52 1.09
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Result sheet B1-B: End of impounding

1 - Pore pressure

methods Point Pi P2 P3
limite equil. : seepage computation pressure {kPa) 73.6 60.2 19.4
limit cquil. : Bishop method pressure (kPa} 116.7 73.8 26.1
finite element mcthod pressure (kPa) 85.9 56.5 11.1
finit difference method pressure (kKPa) 111.1 54.9 I5.8
limite equil. : seepage computation Head (m) 7.51 6.14 1.8
limite equil, -bishop method Head (m) 11.6 7.53 2.66
finitz element method Head (m) 8.75 5.76 1.13
finite difference method Head (m) 11.32 5.59 1.6
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i 1 ] | ! ]
2 - Stability - factors of safety
Failure line circle C1 | circle C2 Displacement P4 (cm) | Displacement P5 (cm)
SF (Fellenius) seepage comput. 2.73 dy dz dy 4z
SF (Fellenius) bishop method 18 finite element method 8.51 -4.39 4.34 -6.68
SE (Bishop) seepage comput 328 finite differcnce method 6.57 -2.85 476 -3.02
SF (Bishop} bishop method 2.35
SF {Perturbations} seepage comput. 322
SF (Perwurbations) bishop method 2.29
SF finite element method 3.29 2.79
SF finite difference method 4.69 3.52
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i - Pore pressure

Result sheet Bl End of drawdown

methods Point Pl |4 P3
limite equil. : scepage computation | pressure (kPa} 62.1 51.6 13.5
Limite equit. : Bishop methed pressure (kPa) 34.0 67.7 26.1
finitc element method pressure (kPa) A7 26.6 0.6
finita difference method pressure (kPa) 85.6 41.2 10.1
limitz equil. : seepage computation Head (m) 6.33 5.26 1.38
limitz equil. :bishop method Head (m) g.58 6.9 2.66
finite element method Head (m} 4.79 2.71 0.06
finite difference method Head (m) 8.72 4.2 1.03
T 4 K - - ] bl il
- !
3 I r
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s o / -@-PZ
m / -1
|15 /
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) i
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2 - Stability - factors of safety
Failure line circle C1 | circle C2 Displacement P4 (cm) | Displacement PS5 (cm)
SF (Fellenius) seepage comput. 1.75 1.34 : 4 g dy dz
SF (Feltenius) bishop method 1.14 1.9 { finite element method -5.86 -1.29 -4.12 -4.31
SF (Bishop) secpage compul 2.02 138 finite difference method | -5.05 -1.64 -3.62 -2.86
SF (Bishop) bishop method 1.45 2.0
SF (Pcrurbations) seepage comput. 2.01 1.38
SF (Perwrhations) bishop method 1.44 2.01
SF finite element method 2.24 1.6
SF finite difference method 1.89 1.32
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FIFTH ICOLD BENCHMARK WORKSHOP ON NUMERICAI ANALYSIS OF DAMS
DENVER (COLORADOC U.S.A.), JUNE 2-5, 1999

THEME B1

NUMERICAL EVALUATION OF GLOBAL FACTORS OF SAFETY
AGAINST FAILURE OF AN HOMOGENEQUS EMBANKMENT DAM

G.LA BARBERA', A.BANI’, G.MAZZA™

ABSTRACT

Shells stability of an homogeneous earth dam, through
factors of safety determination, have been evaluated.
Limiting equilibrium and rheological methods have been
adopted. Conventional stability analyses have been performed
with FELLENIUS and PENDII codes, adopting different methods
(Janbu, Fellenius, Bishop, Spencer) for the required loads
conditions: end of construction, end of first impounding,
end of first drawdown. The prescribed shear surface Cl has
been considered, but also a random automatic search of the
shear surfaces in the worst stability conditions has been
carried out.

The simulation of the time-history of the dam and some
failure analyses have been performed with the OMEGA finite
element code. Three different constitutive models have been
considered considered: the modified Cam-Clay (ECEM extended
Cam Clay model), the Drucker-Prager and Mohr-Coulomb.

The results (position of critical shear surfaces and factor
of safety} obtained through the two considered approaches
were in gquite good agreement.

1. INTRODUCTION

The paper presents the results of the analyses which have
been carried out for the stability evaluation of the shells
of a small homogeneous earthfill dam built in Southern
France in the early eighties. Both conventional stability
and rheological methods have been considered, as proposed by
the Benchmark programme.

Three computer codes have been used for running the
analyses: OMEGA, a 2D and 3D F.E.M. code for the numerical
solution of non-linear problems. The code allows to treat
both one phase medium{solid or fluid) and two-phases solid
and fluid medium under static and dynamic lcoad conditions.
This code has been developed by ISMES S.p.A. on the basis of

* ISMES S.p.A. — Seriate (Italy)
** ENEL S.p.A. Research - Milano (Italy)
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the theoretical formulation presented in [5], [61, [7], [8]:
FELLENIUS code, for the evaluation of factor of safety along
a defined sliding surface with Fellenius method; and PENDIT
code (whose core is PCSTRBLS code [11}),for the evaluation of
factor of safety along potential sliding surfaces randomly
generated. The shape of the generated potential shear
surfaces can be defined as, circular, irregular or block
shaped; Bishop, Janbu or Spencer methods can be used. These
codes have been developed by ISMES S.p.A. (Bergamo, Italy).

The numerical computations have been carried out on a
Personal Computer (486 or more) in Windows environment and
on HP 9000 computer at the ISMES computer facilities in
Bergamo (F.E.M.analyses).

2. FACTOR OF SAFETY DEFINITION

The definition of a factor of safety (Fs}) is generally the
main basic assumption underlying the formulation of limiting
equilibrium methodology. Factor of safety is usually defined
as the ratio of the available shear strength to the
mobilised shear strength along an investigated shear
surface. Such models implicitly assumes that the shear
strength is constant along the whole shear surface, stress
concentrations are not taken into account.

As the factor of safety equals 1 on a prescribed sheax
surface, we state that the shear surface is in a critical
conditions {(critical surface.)

Rheological models allow to simulate the general stress-
strain behaviour of a structure, but they do not permit a
factor of safety definition. The only way to compare results
from the two mentioned approaches is to reach, with the
rheological model, a failure condition. At failure we can
state that for both approaches the factor of safety is equal
to 1 (Fs =1)

From a numerical point of view, for the rheological model,
the failure condition is reached when the tangent global
stiffness matrix reaches a singularity. In practice it is
impossible to model numerically this state but it is only
possible to try to approximate it.

Failure state can be reached in two different ways: by
increasing the applied loads, or by reducing the strength
parameters. Starting from such considerations the factor of
safety can be defined as the reducing factor which, applied
to the strength parameters, generate the failure of the
system (in agreement with Theme Bl requirements).
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Factors of safety defined for limiting equilibrium methods
and for rheolcogical models are conceptually different and
they can not be directly compared.

3. BRIEF DESCRIPTION OF THE ADOPTED SOLUTION ALGORITHMS

3.1 Limiting equilibrium methods

The general approach , originating earlier with Coulomb
(1776), considers the assessment of the stability of the
material above an assumed potential shear surface. The
equilibrium of the material above such surface is examined
by assuming enough shear strength is mobilised to maintain
the slope at incipient failure condition (limit condition).
A large number of potential shear surfaces (randomly
generated) are analysed in order to determine the critical
one.

The most commonly used procedure for slope stability
analysis are the so called methods of slices. These methods
divide the mass above an assumed shear surface into slices,
so that the base of each slices is characterised by a single
set of shear strength parameters. Factor of safety is
considered constant along the whole shear surface.

In general, the limiting equilibrium approach is statically
undetermined. The number of available eguation is less than
the unknowns. It is then necessary to introduce new
hypothesis to increase equation number, commonly n-2, where
n is the slices number. DPifferent methods have been
developed considering different hypothesis. In the present
analyses Fellenius, Janbu and Bishop (simplified wversion),
and Spencer methods have been considered.

PENDII code can automatically generate potential shear
surfaces. A circular shaped surface is composed of a series
of straight line segments of equal length (user’s
specified). The shear surface initiates from a point on the
ground surface, within a specified zone (downstream). The
first line segments direction is chosen randomly between two
limit values. Subsequent segments direction is obtained
changing the previous direction of a constant angle until
the exit upstream zone specified by the users is reached.

3.2 Finite Element model

Both one phase solid and coupled two phase solid-fluid
formulation together with an incremental elasto-plastic
deformation theory have been adopted. A plane strain
hypothesis has also been considered.
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The following constitutive models have been considered:
(ECAM) Extended Cam-Clay model
The following hypothesis underlay ECAM model:

. isotropic material;

. linear elasticity inside the yield surface;
° associative flow rule G = F;

. strain hardening;

o yield function F(p,q,6,k)=0 of the type shown in Fig.l.

qQ A

M|\_’\
n1B

mh=Mi d-pi

Pe

Figure I
ECAM model requires the definition of the following material
parameters:
E Young modulus;
Y Poisson coefficient;
c cohesion;
) friction angle;
v specific volume:;
A slope of virgin line;
x slope of swelling line;
OCR over consolidation ratio;
r ECAM yield parameter.

The critical state function results:
f=qg+ Mp - N (g = - Mp + N)
The mathematical formulations for M and N parameters differ
according to the adopted failure criteria, namely:
for Drucker-Prager failure criteria:
_ 6sing
3—sing
_ 6c cosg
3—sing

for Mohr-Coulomb failure criteria:
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_ 3sing
 J3cosh- sinfsing
_ 3c cosg
 J3coss- sinésing

The vyield function fermula is the following:
2

F=(p-f)’ +———h?
m

where:

B=d- rh

d = ctan1¢

r-M where r is a given constant value defined as:

1l

m
__m(6=3()
M (8=3(°)

Drucker Prager failure criteria has been adopted in the
coupled analysis. Mohr-Coulomb failure criteria has been
adopted for failure analyses.

Drucker-Prager and Mohr-Coulomb models

The elastic-perfectly plastic Drucker-Prager constitutive
model inscribed to the Mohr-Coulomb was adopted (Fig. 2-3).
Plastic deformations were calculated considering an
associated flow rule.

The failure criteria formulations are the same as those
explained for ECAM model.

—Us Mohr-Coulomb ¢ > 0O Drucker-Prager 4> 0
-a3 [1952)

&l=02=03

Fic cald //\
s
-

A y >

¢ celd

Y n
Tension Failure

-,

Figure 2 Figure 3
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4. GEOMETRICAL DEFINITIONS

The cross section of the dam adopted in all the performed
analyses (Fig. 4) is the same as that proposed in Theme Bl
requirements.

Fig. 4 - Simplified cross section for analyses

5. MATERIAL PARAMETERS

Four material zones have been considered (Fig.d}:

o A —~ Clayey loam

. B - Clay (lower part of embankment- thickness of 5.7 m)
. C - Clay (upper part of embankment- thickness of 9 m)

. D ~ horizontal and vertical drain

The reference values of material parameters are the same as
those proposed in Theme Bl requirements. Some other
parameters requested by the adopted models have bheen
estimated from usual geothecnical relationships and/or from
empirical correlations.

Tables 1 reports material parameters input wvalues adopted
for limiting equilibrium analyses; Table 2 those adopted for
the Finite Element analyses (Ecam and Drucker Prager
models); Table 3 the specific storage coefficients values
used in seepage analysis.

Limiting equilibrium methods

Mat.A Mat.B Mat.C Mat.D

Clayey loam Clay Clay Drain
Saturated unit
weight (kN/m3) 21.3 20.6 20.6 20.
fMoist unit
weight (kN/m>) 20.9 20.6 20.6 20
Cohesion (kPa) 10 18 10 0
¢ (©) 32 26 26 36

Table 1
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Finite Elements Models

Mat.A Mat.B Mat.C Mat. D
Clayey Joam Clay Clay Drain
Moist unit
weight (kN/m3) 21.3 20.6 20.6 20
Cohesion (kPa) ©.63 12.08 12.08 0
Q* {9} 22.50¢ 19.136 19.136 24.538
v 0.3 0.3 0.3 0.3
E {EKpa) 8000 5000 5000 80000
A 0.05 0.06 0.065 -
K 0.01 0.01 0.01 -
VStOt 1.52 1.6 1.6 -
OCR 5.0 5.0 5.0 -
Kh (m/s} 16.0e-9 4.0e-9 4.0e-9 1.0e-3
Kv (m/s) 4.0e-9 1.0e-9 1.0e-9 1.0e-3

*) Equivalent friction angle ¢® for Drucker Prager failure

criteria

Specific storage coefficients (Seepage analysis)

T

able 2

Mat.A Mat.B Mat.C Mat.D
Clayey loanm Clay Clay Drain
Ss S.0E-04 1.5E-03 1.5E-03 1.E-04
(1/m)
Table 3
6. F.E.M. ANALYSES
Adopted mesh
A mesh composed by 659 8-node quadrangular parabolic

elements and 2080 nodes has been adopted. The same mesh has
been used for both structural and seepage analyses (Fig.5).

Fig. 5 -~ Adopted mesh in F.E.M. analyses
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Boundary conditions

Structural analyses

Null horizontal and vertical displacements at the base.
Null excess pore water pressure on lateral and upper
boundaries of the core in the coupled analyses.

Seepage analysis

Upstream dam face below water level: imposed hydraulic head
equal to water table level (381.3 m a.s.l.); base impervious
{no flow conditions); downstream face considered as a

seepage surface.

Initial conditions

In order to simulate the over-consolidation due to material
compaction, an initial stress state of 20 kPa has been
considered in the whole domain for the all performed
analyses.

In seepage analysis an initial pore pressure distribution
equal to the excess pore water pressure distribution
evaluated at the end of construction was assumed.

Performed analyses
The following analyses have been carried out:

1l - dam history simulation, in order to evaluate the
evolution of the pore water pressure distribution in the dam
body. A coupled analysis adopting ECAM model for cohesive
materials and Mohr-Coulomb model for drains have been
adopted. The following history-phases have been considered:

. construction: ten phases (one layer each} in twelve
months;

. first impounding: three phases (reservoir level
increase 6.4 m each) in six months;

. first drawdown: two phases {(reservoir level decrease

9.5 m each) in four months.

Seepage phenomena during first impounding and drawdown have
been modelled with an independent analysis.

2 —failure analyses

An uncoupled approach has been adopted. Acting loads have
been simultaneocusly applied. They are: gravity load, surface
load on the wet upstream side of the dam, hydraulic load
(pore water pressures evaluated in the previous analysis at
end of construction, end of first impounding, end of first
drawdown) . The following cases have been considered:
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v end of construction - two analyses performed: in the
first one ECAM model for cohesive material and D.P. model
for drain, in the second one D.P. model for all materials
have been adopted.

v end of first impounding - one analysis performed: D.P.
model for all materials have been adopted.

v end of first drawdown - one analysis performed: D.P.
model for all material have been adopted.

Main remarks on the obtained results

The main results of the performed analyses are plotted as
following.

Pore water pressure contours,pore water pressure and total
hydraulic head vs. time at requested points P11, P2, P3,
evaluated with coupled analysis are reported in Figures 6-7.
Displacements vectors at failure state are shown in Figure
8. Horizontal and wvertical displacements wvs. load factor at
some selected points of dam faces are reported in Figures 9-
10.

Factors of safety evaluated with the failure analyses are
reported in the following table:

Load condition Fs
End of construction->failure 1.7-1.8
End of impounding —->failure 2.17
End of first drawdown ->failure 1.50

The maximum pore pressure values (about 125 kPa)have been
calculated in upstream zone of the dam, close to the dam-
foundation interface. &t the end of impounding, pozre
pressures in downstream zone are close to zero and they are
about 40-60 kPa in the central zone.

At the end of first drawdown, saturation line (u=0) exit is
close to the upstream berm (Fig.6-7}.

The critical shear surfaces obtained with the failure
analyses are well defined for all the examined load
conditions. Displacements evaluated with Drucker-Prager
models show a sudden increase close tTo failure; Those
obtained with ECAM models show a smoothed increase (Fig.8-
10) .

7. LIMITING EQUILIBRIUM ANALYSES

Fellenius, simplified Bishop, simplified Janbu (not
considering empirical corrective coefficient) and Spencer
methods have been considered in the analyses.
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Performed analyses

Stability analyses have been carried out according to Theme
Bl reguirements, namely:

Case 1A - End of construction - Defined surface C1l
Case 1B -~ End of first impounding - Defined surface Cl
Case 1C - End of first drawdown — Defined surface Cl

Further, considering the simplified Bishop method only, an
automatic search of the surfaces in worst conditions
(supposed of circular shape) has been made for the same
loads conditions for both upstream and downstream shell.

The Following analyses have been performed:

Case 2A End of construction - surface in worst conditions in
upstream shell;

Case 2B End of first impounding - surface in worst
conditions surface in upstream shell

Case 2C End of first drawdown — surface in worst conditions
in upstream shell

Case 32 End of construction — surface in worst conditions in
downstream shell

Case 3B End of first impounding - surface in worst
conditions in downstream shell

For downstream shell, End of first impounding and End of
first drawdown condition can be considered the same.

Automatic search conditions

Starting and exit zone of the examined potential shear
surfaces for the examined cases are reported in the
following table:

Case Coord. x starting zone Coord. x exit zone
(m) (*) (m) {*)
Case Za 23 - 70 75-100
Case Z2Zb 23 - 70 75-105
Case Z2c 23 =30 70-100
Case 3a 40 -60 70-105
Case 3b 40 -60 70-105

(*) Reference system is the same as that assumed in the Theme bl result

sheets.

For each analysis 1000 surfaces have been examined.
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Pore pressure evaluation

Pore pressure input data have been defined as following:
o definition of a phreatic surface within the dam body.
Fellenius code computes piezometric heads as the

distance from the base of the slice to the phreatic
surface immediately above; PENDII code as the average
between previous methods and the distance from the base
of the slice perpendicular to the line through the
piezometric surface bounding the top of that slice.

° definition of r, parameter (pore pressure v.s.
overburden pressure ratio} for each material. Such a
parameter have been evaluated considering F.E.M.
analysis results, averaged in the zone near the most
probable position of the critical surface.

o defiinition of pore pressures along a defined shear
surface.

The values adopted in the analyses are summarised in the
following table:

Case ry, parameter |Phreatic
surface
Case la Mat. A 0.45 [case la with
Case 2a Mat. B 0.70 {Fellenius method
Mat. C 0.45| (Fig.11)
Case 1b - Surf.l (Fig.1l1l)
Case 2b
Case 1c - Surf. 2 (Fig.il)
Case Z2c
Case 3a Mat. A 0.1
Mat. B 0.5 -
Mat. C 0.45
Case 3b - -

Main remarks on the obtalined results

The main results of the performed analyses are plotted
according to the required result sheets. They are reported
in Figures 12-14.

The critical surfaces automatically evaluated in general do
not match with the prescribed Cl surface.

The worst condition is at the end of construction. Minimum
factor of safety is about 1.3 (Fellenius and Janbu methods},
for surface C1.

Evaluated factors of safety are reported in the following
tables:
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Factors of safety calculated for the prescribed surface C]

Load condition Methods

Fellenius Bishop | Janbu | Spencer
End of 1.30 (ry) 1.46 1.29 1.44
construction 1.31 (phreatic sur.)
End of 2.60 3.30 2.88 3.57
impounding
End of first 2.00 2.36 2.01 2.33
drawdown

Minimum factors of safety (for surfaces in worst conditions)

Load condition Methods
Upstream shell Bishop
End of construction 1.43
End of first impounding 2.86
End of first drawdown 1.59

Downstream shell
End of construction .41
End of first 1.96
impounding/drawdown

fi

8. REQUIRED COMPUTATION TIME

Coupled analyses required a CPU time of about 15 minutes.

Failure analyses required a CPU time varying from about 1
min. to 10 min each.

9. CONCLUDING REMARKS

The whole set of results obtained from the carried out
analyses for the Fifth Benchmark Workshop are presented and
discussed in this paper.

Both limiting equilibrium and rheological methods have been
considered. The first approach have been used in order to
evaluate the factor of safety for the prescribed surface Cil
with different methods (Janbu, Fellenius, Bishop, Spencer).
The sliding surfaces in worst conditions have also been
determined by means of a random search technique.

Analysed load conditions were: end of construction, end of
first impounding, end of first drawdown.

F.E.M. model has been used to simulate the time-history of
the dam and to perform the failure analyses.
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Fellenius method resulted the most conservative. Average
differences between the considered limiting equilibrium
methods are about 10-20%.

Position of critical surfaces evaluated with the two
approach is generally similar. At the end of construction
downstream shell is in the worst condition (Fs=1.7-1.8
obtained from F.E.M. model; Fs=1.4-1.5 from limiting
equilibrium method).

At the end of first impounding calculated factors of safety
are higher. The worst situation is again in the downstream
shell (Fs=2.2 obtained from F.E.M. model; Fs=2.0 from
limiting equilibrium method) .

At the end of first drawdown the critical surface is located
in the lower part of upstream shell (Fs=1.5 obtained from
F.E.M. model; Fs=1.6 from limiting eguilibrium method, not
considering seepage forces).
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Seepage Analysis
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5th ICOLD Benchmark Workshop - Theme B1

Pore pressure vs. time at nodes P1 P2 P3
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5th ICOLD Benchmark Workshop - Theme Bl
Analyses at Failure State - Displacement vectors at failure state
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5th ICOLD Benckmark Workshop - Theme B1

Ecam Model
Horizontal displacements at the end of costruction
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Sth ICOLD Benchmark Workshop — Theme B
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ath 1ICOLD Benchmark Workshop - Theme Bl
Result sheel B1-A: End of Construction

1 - Pore pressure

Poini ! F2 P3
Pressure (kPa) 103.14 1337 36.19
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Embankment stability analysis by elasto-plastic finite elements

D. V. Griffiths !, R.L. Torres 2, and P.A. Lane ®

ABSTRACT:

This paper describes the stability analysis of an embankment problem using the finite element
method. The method of analysis uses an effective stress approach and assumes elastic-perfectly
plastic (Mohr-Coulomb) behavior implemented using a visco-plastic algorithm. The analyses
use a gravity ‘turn-on’ procedure. The method easily incorporates different soil property groups
and water table conditions, and if presented with reasonable soil compressibility data, will
also give information about deformations at working stress levels. The main objective of the
present work however, is to compute the factor of safety of a particular earth dam under various
construction, impoundment and drawdown conditions.

The extremes of such conditions were examined and the analysis shows that the dam presented
is highly vulnerable to changes in construction timetable and sensitive to small changes in data.
This vulnerability is confirmed by the collapse of the actual structure on first drawdown. For
comparison a number of the cases considered are also analyzed using the traditional limit state
method incorporating material properties given and pore water pressures appropriate to each
case.

INTRODUCTION

The finite element method is a powerful technique for estimating the factor of safety
of soil slopes (Griffiths and Lane 1999) . The advantages of the method relative to
traditional limit equilibrium methods can be summarized as follows:

1. No assumption needs to be made in advance about the shape or location of the
failure surface. Failure occurs ‘naturally’ through the weakest zones within the soil
mass.

2. Since there is no concept of “slices” in the finite element approach there is no need
for assumptions about slice side forces. The method preserves local and global
equilibrium to within tight tolerances at all times.

3. If realistic soil compressibility data is available, the finite element solutions will
give information about deformations at working stress levels.

4. The method is able to monitor progressive failure of the slope up to and including
overall shear failure.
! Colorado School of Mines, Golden GO

2US Bureau of Reclamation, Denver, CO
SUMIST, Manchester, UK
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The program used in this study are based closely on Program 6.2 in the text by Smith and
Griffiths (1997)-the main difference being the ability to model more realistic geometries
with better graphical output facilities. The programs are for 2-d analysis of elastic-
perfectly plastic soils with a Mohr-Coulomb failure criterion. The programs use 8-node
quadrilateral elements with reduced integration (4 Gauss-points per element) in both the
stiffness and stress redistribution phases of the algorithm. A gravity ‘turn-on’ procedure
generates nodal forces which act in the vertical direction at all nodes. These loads are
applied in a single increment and generate normal and shear stresses at all the Gauss-
points within the mesh. These stresses are then compared with the Mohr-Coulomb
failure criterion. If the stresses at a particular Gauss-point lie within the Mohr-Coulomb
failure envelope then that location is assumed to remain elastic. If the stresses lie on
or outside the failure envelope, then that location is assumed to be yielding. Overall
shear failure occurs when a sufficient number of Gauss-points have yielded to allow a
mechanism to develop.

The analysis is based on an iterative Modified Newton-Raphson method called the Vis-
coplastic algorithm (Zienkiewicz et al 1975). If a particular zone within the soil mass
is yielding as indicated by a stress level that lies outside the Mohr-Coulomb failure en-
velope, the algorithm attempts to redistribute those excess stresses by sharing them
with neighboring regions that still have reserves of strength. The redistribution process
is achieved by the algorithm generating self-equilibrating nodal forces (or body forces)
which act on each element that contains stresses that are violating the failure criterion.
These forces, being self-equilibrating, do not alter the overall gravity loading on the finite
element mesh, but do influence the stresses in the regions where they are applied. In
reducing excess stresses in one part of the mesh however, other parts of the mesh that
were initially ‘safe’ may now start to violate the failure criterion themselves necessitating
another iteration of the redistribution process. The algorithm will continue to iterate
until both equilibrium and the failure criterion at all points within the soil mass are
satisfied within quite strict tolerances.

If the algorithm is unable to satisfy these criteria at all yielding points within the
soll mass, “failure’ is sald to have occurred. Failure of the slope and numerical non-
convergence occur together, and are usually accompanied by a dramatic increase in the
nodal displacements. Within the data, the user is asked to provide an iteration ceiling be-
yond which the algorithm will stop trying to redistribute the stresses. Failure to converge
implies that a mechanism has developed and the algorithm is unable to simultaneously
satisfy both the failure criterion (Mohr-Coulomb) and global equilibrium.

SOIL MODEL

The soil model used in this study consists of seven parameters as shown in Table 1.

302 ICOLD Fifth Benchmark Workshop



Table 1: Seven-parameter model
¢  Friction angle
Cohesion

Dilation angle
Young’s modulus
Poisson’s ratio
Total unit weight
r. Pore pressure ratio

- T me 0l

In terms of principal stresses and assuming a compression-negative sign convention, the
Mohr-Coulomb criterion can be written as follows:

i

71— 9% —c cos¢h (1)

2

I I
g ‘o, .
= 12 Ssing —

F

where o) and o, the major and minor principal effective stresses at the point under
consideration. The failure function F' can be interpreted as follows:

F <0 stresses lie inside the failure envelope (elastic)

F'=0 stresses lie on the failure envelope (yielding)

F'> (0 stresses lie outside the failure envelope (yielding)
and must be redistributed

GRAVITY LOADING

The forces generated by the self weight of the soil are computed using a gravity ‘turn-on’
procedure involving integrals over each element of the form:

p&hzyﬂandWM) (2)

where the N terms are the shape functions of the 8-node element and the superscript e
refers to the element number. These element forces are assembled into a global gravity
force vector that is applied to the finite element mesh at the first iteration.

DETERMINATION OF THE FACTOR OF SAFETY

The Factor of Safety of a soil slope is defined as that factor by which the original shear
strength parameters must be reduced in order to bring the slope to the point of failure.
The analyses therefore use the factored shear strength parameters c} and q&}, where:

¢;=c[FOS (3)
qb:, = arctan( t;:gé ) (4)
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To find the ‘true’ Factor of Safety, it is necessary to search for the value of FOS that
will just cause the slope to fail. This requires analysis of a sequence of FOS values on a
trial and error basis. Usually the range of F'OS values in which to search will be quite
narrow based on experience of similar geometries. The following comments give some
guidance as to the logic of choosing a sequence of FOS:

o The chosen F'OS value results in rapid convergence (one or two iterations)-This
implies that the slope is still elastic and probably no yield has occurred at any of
the Gauss points. Repeat the analysis with a significantly higher value of FOS.

e The chosen F'OS value results in convergence in a reasonable number of iterations
(well below the iteration ceiling)-This implies that some Gauss points have yielded
and stress redistribution has taken place comfortably. Repeat the analysis with a
moderately higher value of FOS.

e The chosen F'OS value results in convergence in a considerable number of iterations
(quite close to the iteration ceiling)-This implies that quite a lot of Gauss points
have yielded and the algorithm has had to work hard to achieve the necessary
stress redistribution. Repeat the analysis with a slightly higher value of FOS.

o The chosen FOS value does not converge (the iteration ceiling has been reached )-
This implies that the slope has failed and enough Gauss points have yielded to
allow the formation of a mechanism. Repeat the analysis with a slightly lower

value of FFOS.

The true Factor of Safety of the slope will lie between the highest value of
FQOS for which convergence was achieved and the lowest value of FOS for
which convergence was not achieved.

Lack of convergence is a good guide to failure, however it is also recommended that
the user plots a graph of FOS vs. §,4; (the maximum nodal displacement in the
mesh at convergence). Such graphs are shown in the validation section of this report
and indicate that the FOS value that corresponds to failure also usually results in a
significant increase in the nodal displacements in the mesh.

INCORPORATION OF PORE PRESSURES

The effective stress analyses described in this paper take into account pore pressures at
the Gauss points. These pore pressures can be generated using a pore pressure ratio ry,
as in:

= TyTy
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where ¢, is the total vertical stress at that point.

Alternatively, a free-surface can be defined as shown in Figure 1. In this case, pore pres-
sures are set equal to the depth of each Gauss point beneath the free surface multiplied
by the unit weight of water. Free standing water in the reservoir is modeled as a pressure
loading against the submerged upstream side of the embankment.

Finally, nodal head data derived from a the sequence of construction, impounding and
drawdown of the dam was incorporated into the analysis. The package Seep W was used
to track the development of pore pressures at the end of construction, the advancing front
during impounding and finally the retreat on drawdown. Where the seepage analysis
produced pore suctions these were neglected in the analysis as a conservative assumption.

Figure 2a shows the saturation front of the ground water in the embankment for the
end of comstruction, impounding and drawdown. Observe that the variations of the
saturation front for each case are not significantly different from one another. Figure 2b
shows an enlarged portion of Figure 2a. The end of construction values were obtained
assuming that the pore pressures had dissipated to some extent from the values computed
using r,. These pore pressures were then used as initial condition for the impounding
process. Impounding went on for six months and was followed by a drawdown of 3
months. To show what might happen with a much more permeable embankment, the
analysis were repeated with permeabilities all increased by a factor of 1000. In this case
(Figure 2c) the saturation fronts for each case are significantly different.

This range of pore pressure conditions plots the envelope of possible Factors of Safety
of the structure under the full range of operating conditions and the results confirmed
the dependence of the structure on the rate of construction and subsequent impounding
and drawdown.

Drawdown

Conditions of drawdown are modeled in two ways. Firstly by assuming that the upsiream
reservolr has been removed, with the new free surface coinciding with the upstream slope
of the embankment as shown in Figure 6b. This approach implies an equal change in
pore pressure and total stress, thus no change in effective stress within the upstream em-
bankment soils. The stabilizing effect of the reservoir water however, has been removed.

Secondly, the seepage analysis allowed the consideration of transient pore pressure con-
ditions, both allowing for construction pore pressures and neglecting them.

STABILITY ANALYSIS OF AN EMBANKMENT DAM
Introduction

The geometry and material properties of the dam to be analyzed are fully described
under “Theme B1” in the hand-out to participants of the workshop. The embankment
shown in Figure 3a has a height of 22.7m and a crest width of 5m. The upstream slope
has a gradient of 3:1 (horizontal:vertical) and includes a horizontal terrace of width 6m,
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8m below the crest. The downstream slope gradient is 2.5:1 and continuous. The total
width of the embankment is thus 135.85m. The embankment consists of three main
horizontal soil layers with a thin vertical chimney drain (type D) at the centerline. The
chimney drain is not shown in the figure. The soil properties are given in Table 2.

Table 2: Soil properties
Soil | ¢ ¢ P E v ¥
kN/m? kN/m? kN/m?
32° i0 52 8000 |03 21.0 |045
26° 18 521 5000 0.3} 206 }0.70
26° 18 5| 5000 (0.3 206 |0.45
36° 0 5° | 80000 | 0.3 | 20.1 0.0

Ty

OO we

The finite element discretization of the dam is shown in Figure 3b and consists of 224,
8-node plane strain quadrilateral elements. Although the mesh design can account for
the chimney drain, its shear strength has not been included in the present study.

Results of Stability Analyses

After construction

Two analyses under two assumptions on pore water pressure were conducted to assess
the embankment stability after construction and prior to impoundment. In one case zero
construction pore pressures were assumed and in the other the r, values from Table 2
were used. The results from the finite element analysis, assuming zero pore pressures, are
presented in Figure 4 in the form of a trial factor of safety (FOS) vs. 6,,4.. The trial factor
of safety is gradually increased until there is a sudden increase in nodal displacements
and the algorithm fails to converge. This occurred at a FOS of 1.95. Figure 5 shows
the displacement vectors at failure for this case indicating a quite shallow downstream
failure mechanism. Limit analysis using the Fellinius method gave a comparable FOS of
1.91 for an upstream circle similar to that identified in the finite element analysis.

It is a feature of the finite element approach that the method will always identify the most
critical condition. By contrast the limit analysis method can be used for any (usually
circular) specified slip. Hence, the Fellenius solution for circle C1 gave a FOS of 2.58
assuming full dissipation or zero construction pore pressures.

When r, values were included, an inconclusive result was obtained for the finite ele-
ment method in which the algorithin required many iterations, even at low FOS values.
Furthermore as indicated in Figure 4, case b0, no clear break in the displacements was
observed. This result implies that the embankment is potentially unstable depending on
the rate of construction. The limit state approach suggested a FOS of less than 1.0 for
both slopes with a minimum of around 0.8 on the downstream side and so is consistent
with the finite element outcome. These resulis are summarized in Table 3. Other meth-
ods of limit state analysis were also employed such as Bishop’s and Janbu’s methods.
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Results from these are summarised in the Result sheets B1-A to B1-C. In general Janbu
gives the lowest predictions of FOS which Bishops lie below but closer to the Finite
Element results.

Table 3: End of Construction

Utilising Assuming
Tu full dissipation
Finite element < 1.0 1.95
model downstream upstream
Slope program | 0.96 (u/s) 1.91 (u/s)
Fellinius 0.8 (d/s) |2.58 (circle C1)

After impoundment

The actual location of the free surface within the embankment requires transient analyses
but again the two extreme conditions can be used to bound the likely solution. A stability
analysis corresponding to steady seepage conditions assuming a free surface as shown in
Figure 6 was performed using both the finite element method and limit state stability.
The results obtained for the stability of the embankment under steady seepage conditions
and following complete drawdown from the steady seepage condition are shown in Figure
7 for the finite element method.

The results indicate a clear factor of safety of FOS = 2.0 for steady seepage. The
mechanisms of failure indicated by the finite element analyses for this case is shown in
Figure 8a. These results are comparable with those obtained using limit state analysis
where FOS of 1.93 was obtained for the downstream slope. If construction pore pressures
are included based on the values of r, given then the FOS is around 1.8 on impounding.
This compares to a value of around 1.0 at the end of construction and indicates the
stabilizing effect of the impounding on the upstream face. Figure 9 shows the deep base
slip that would be the most critical in these circumstances.

The steady state mechanism (Figure 8a) and Factor of Safety (Figure 7, case a)) are
similar to those given in case a) in Figure 4 and Figure 5 following construction assuming
no pore pressures. Lhis is perhaps to be expected since the location of the steady state
free surface is confined to the upstream side, and will therefore not have much influence
on downstream stability. Although Figure 8a for steady seepage indicates that the critical
mechanism will lie on the downstream side, the presence of more displacement vector
activity on the upstream side as compared with Figure 5 confirms that the free surface
does have an effect on the upstream slope.

Under drawdown. condition the FOS falls to 1.5 assuming a steady state starting condition
and around 1.4 assuming maximum pore pressures from comstruction have not fully
dissipated. The drawdown mechanism (Figure 8b) clearly indicates that the upstream
slope has now become the most critical but for a deep slip. For comparison, circle C1
analyzed by the limit state method gives a FOS of 2.2. This implies that there must
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be an intermediate drawdown height at which the critical mechanism transitions from
downstream to upstream but again that circle C is not the most critical.

If the transient pore pressures derived from the Seep/W program are used then some
degree of dissipation of the construction pore pressures is assumed and in all cases the
downstream slope is most critical with an FOS of around 1.9. The following section on
the impact of pore pressure estimates demonstrates this.

A summary of results obtained is given in Table 4.

Table 4: Impounding and Drawdown

Steady State 7y, or Transient
First Impounding

FE Method 2.0 (d/s) 1.8 (u/s)
Limit state 1.93 (d/s) 1.96 (d/s)
Drawdown
FE Method 1.5 (deep slip) 1.9 (d/s)
Limit state 1.54 (u/s lower face) | 1.37 (u/s upper face)

(Bishop) 2.2 {Circle C1) 1.45 (Circle C1)

IMPACT OF PORE PRESSURE ESTIMATES

Values of pore pressure at the end of the construction phase have been assumed to be
zero {or fully dissipated) or are derived from the value of r, given in each material.
In the subsequent stages pore pressures are derived either from a steady state seepage
condition or a transient analysis using the Seep / W program starting from either the
zero or ry values. This allows the full possible range of values to be included in the
analysis to illustrate the sensitivity of the structure to construction time and method.
Values presented on sheets B1-A to BI-C are those from the transient analysis unless
otherwise stated except that pore suctions have been neglected for stability analyses.

Iustrations of the advancing front of pore pressures on impounding and then the retreat
on drawdown derived from Seep /W are given in Figures 10a and 10b to highlight the pore
pressure variation on these later stages by neglecting the construction pore pressures. It
is interesting to note that the effects of impounding never penetrate the central area in
material B of the upstream face because of the short time before drawdown for the given
permeabilities. Hence, a true steady state is never reached for seepage appropriate to
the full impounding height. Thus it would be expected that the steady state case shown
in Figure 6 is an extreme case and is not reached in practice. This was verified by the
results from the Seep/W program where the FOS values were higher than those from
the steady state analysis.

Figure 11 shows the Factor of Safety limits reached in both impounding (a) and draw-
down (b) assuming a transient pore pressure distribution derived from the Seep/W pro-
gram. In both cases the FOS is around 1.9 with a major slip surface on the downstream
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face and the drawdown case actually gives a slightly higher FOS because of the extra
time available for dissipation of the construction pore pressures - the dominant factor
in this system. Figure 12 illustrates the dominance of the downstream slope stability
for (a) impounding and (b) drawdown although in the case of drawdown there are also
developments on the upstream face as would be expected.

CONCLUDING REMARKS

This paper has described a finite element methodology for estimating the stability of
slopes. The technique has been applied to an embankment problem provided as part of
the Fifth Benchmark Workshop on Numerical Analysis of Dams to be held in Denver,
Colorado in June, 1999. A number of stability analyses have been presented including
post-construction conditions, steady state and transient seepage conditions, and full
drawdown conditions. In general the analyses, except the drawdown analysis, indicated
that the steeper downstream embankment slope was most critical.

While well defined Factors of Safety were obtained in the majority of cases, an incon-
clusive result for observed for the embankment post-construction stability analysis when
including the full r, values. This suggested inherent instability in the design which is
critically dependent on the rate of construction. The actual structure experienced first a
delay and then a catch-up in placing of material which threatened its immediate stability
and also created the start of conditions leading to its eventual failure.

The impounding of the dam tended to assist its stability on the upstream side and as
the pore pressure front did not reach the more susceptible downstream face did not
significantly affect that. The drawdown reduced the overall stability of the dam but
the Limiting condition appeared to be a deeper slip than the circle C identified. In the
timescales given in this problem, a year for construction, six months impounding and
three months for drawdown, the degree of dissipation of the construction pore pressures
is just sufficient to allow the dam to stabilize between stages. However, if construction,
impounding and then drawdown took place over too short a time to allow significant
dissipation of the high levels of pore pressures generated on construction, instability will
result. It was this set up of excess pore pressures during the actual shortened contruction
phase of the upper layers that set up the conditions that would induce failure on the

first drawdown.

In summary the design of the dam is flawed because of its over sensitivity to time
constraints and it would have benefited from careful on-site control or it should have
been reviewed to a more robust design. The bounds of stability of this dam have been
identified together with a reasonable estimate of likely interim conditions with finite
element and limit state analyses giving consistent results.
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Factors of Safety with Iterations to Convergence

a) after impounding
b) after drawdown
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Fig. 11. Factor of safety limits reached: a) for impounding
and b) for drawdown.

Problem B1 321



Displacement Vector Plot
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Result sheet B1-B: Zad of Impounding
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1 - Pore pressure

Result sheet B1-C: Rapid Drawdown
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This report was prepared by the formulator of Theme B2 :

Bachir N. Touileb, Hydro-Québec, QC, Canada

in collaboration with the participants to theme B2 of the Benchmark Workshop :

Participant #1 (PI): G. La Barbera, A. Bani and G. Mazza (Italy)
Participant #2 (P2) : L. Pagano, A. Desideri, F. Vinale, F. Sorvillo (Italy)

Participant #3 (P3) : P. Anthiniac, S. Bonnelli, A. Carrére, O. Débordes (France)
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1.0 EXECUTIVE SUMMARY

Two main targets were followed by the 5" Icold Benchmark Workshop :
B The behavior (collapse) of the upstream rockfill under the wetting and the reservoir filling
B The piezometric response of the impervious material of the core.

Three participants presented a communication to this 5™ Benchmark Workshop. They are :
B Ismes and Enel from Italy,

B University of Napoli from Italy,

B Cemagref, Coyne et Bellier and EM2/IMT from France.

One of the main shortcoming associated with an excessive deformation of the upstream rockfill is
the combination of two opposite trends that could lead to the opening of a crack :

‘B The collapsible rockfill tends to move the filter towards the upstream

B The water forces that are acting on the upstream face of the core tend to move the filter fowards

the downstream.

Regarding the first target - collapse of the upstream rockfill -, Ismes-Enel aw well as Cemagref et
al. pointed out the main features of the behavior, despite some differences in the calculated values.

In the case of the second target of the proposed theme - piezometric response of the core material -
an important {(but universal) discrepancy between the calculated and measured piezometric levels
was noticed. In fact, it is found that the calculated piezometric levels are lower than the measured
piezometric levels, particularly near the downstream part of the core, where a higher amount of
pore pressure seams to dissipate. The actual question is a fundamental problem that need further
research and discussions. In the opinion of the formulator, the 5™ Icold Benchmark Workshop was
in fact as a great opportunity to raise « the problem of the transient seepage and the high pore
pressures in the core of dams » to the specialists and to the ad-hoc committee. To explain such a
discrepancy, several arguments and explanations were proposed in the literature, but none of these
was retained as the unique cause of the difficulty to predict the piezometric levels properly. A
promising explanation, that needs further research and consolidation, could be related to the real
behavior of the gaz phase of the till of the core.

The excessive deformation - crack - that appeared near the crest, in the upstream part of the dam,
when the reservoir level reached 75% of the maximum level, were not predicted properly by the
available results. The actual observed behavior could be related to the combination of an excessive
settlement of the upstream rockfill and the horizontal movement towards downstream that is
imposed by the reservoir. Both opposite movements are conducting to a lack of confinement
leading to the potential opening of a crack along the upstream transition zone.
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2.0

2.1

22

2.3

MAIN FEATURES AND CHARACTERISTICS OF THE DAM
GENERAL DBESCRIPTION OF THE LG2 DEVELOPMENT

The LG2 development is part of the Phase One of the La Grande Riviere Complex, which also
includes the LG3 and LG4 hydroelectric projects.

The 1.G2 hydroelectrical development comprises an underground powerhouse, with an
installed capacity of 5§ 328 MW, a /62 m high main dam, a spillway with a maximum
discharge capacity of 76 280 m*/s at the maximum operation level, as well as a chain of some
30 dikes required to close the reservoir rim.

MAIN DAM GEOMETRY

The LG-2 dam which is the object of this case study is a zoned earth and rockfill embankment
having a maximum height of 155,5 m (510 ft) - (the 1,5 m (5 ft) thick camber added to the
crest is not considered herein) - . The dam cross section shown in figure 1 is located at
chainage 52+50 (PM 1600). The total length of the structwre is 2 836 m. The dam
construction required a total volume of 23 millions m’, 20% of which is the moraine of the
impervious core. The cross section of the rockfill structure has a slightly inclined upstream
central core, made out of compacted moraine, Upstream and downstream, the fine material of
the core is protected by filter and transition zones. The dam shelis are made of rockfill.

CONSTRUCTION SCHEDULE

Before beginning construction of the main dam it was necessary to divert the river and to
dewater the central excavation area. The dam construction as such took over 2 years, i.e. from
July 1976 to November 1978.

The impounding of LG2 reservoir started on November 27th, 1978, following closure of the
diversion tunnel.

The following table shows the 9 steps considered for the particular case of the LG-2
rockfill dam.
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Table I Construction Steps

Main Date Note Crest elevation at the center line
construction of the dam
steps
(ft) (m)

10 November 78 | End of construction 590,0 179,8
9 August 78 564,13 171,9
8 July 78 512,07 156,1
7 June 78 486,2 148,2
6 November 77 | end of 2™ season 420,7 128,2
5 August 77 362,06 110,35
4 June 77 300,0 91,44
3 May 77 234,1 71,35
2 October 76 end of 1* season 193,1 58.85
1 July 76 150,0 45,72

Table 2 LG-2 dam. Main dates and events

Construction of the main

From ; October

To : November 1978

dam 1974
Reservoir impoundment Erom : 27 To : December 13, 1979 (174,86
November 1978

Cracks observed at the
upstream edge of the crest
(5 cm wide)

September, 1979

Reservoir level at 2/3 from
maximum: 140,0 m

Problem B2

331




3.0 MAIN CONCLUSIONS AS PRESENTED BY THE PARTICIPANTS
It is interesting to recall the main conclusions obtained by the the participants :

3.1 ISMES-ENEL :

The solution with Duncan Chang model presented some numerical difficulties and some doubt
arose about the strong differential settlement calculated at contact zone between upstream filter
and core.

The wetting collapse phenomena has been simulated by mean of an empirical procedure, which
main steps consist in a series of simplified and subsequent analyses. The obtained results are in
agreement with the measurements taken on other dams of similar typology and dimension to LG-2
dam (i.e. El Infernillo dam).

3.2 UNIVERSITY OF NAPOLI :
The reservoir filling case was not treated.

3.3 CEMAGREF, COYNE ET BELLIER AND EM2/IMT

The authors raised some questions regarding the parameters that were proposed in theme B2, since
they were based on the hyperbolic Duncan and Chang model. In particular, the authors raised the
question of the determination of parameters of the rockfill. This issue was not addressed in

explicitly in the proposed paper.

A fully coupled analysis of construction and mmpounding phase of LG2-Dam has been realized.
The hydro-plastic model used (elasto-plastic model including water effects) seems to give
acceptable results in terms of stresses and displacements, especially in the upstream shoulder
during impoundment : large settlements are obtained. A transverse displacement of the core during
impoundment is observed : first an upstream movement, then downstream as the reservoir reaches

maximum water level.

Large settlements occur in the upstream shell during impounding phase (up to 0.5m). In the same
phase, vertical displacements in the core are very close to zero. This discontinuity is support
mainly by the upstream filter. About horizontal displacements, an upstream movement is observed
in the upstream shoulder during the impounding phase (-0.1m), while the core moves downstream
(+0.2m). We can ask questions about potential crack appearance in filters near the top of the dam,
because of the filter thickness. '

The differential displacements occurred between upstream shoulder and core are able to cause
cracks in upstream filter, especially in the upper part of the dam, where the filter thickness is thin. '
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4.0 DISCUSSION OF THE CONTRIBUTIONS BY THE FORMULATOR

4.1 ISMES-ENEL :

The use of three different models led to major differences in the results. However, the first model
(MOD-1, based on Duncan and Chang formulation) gives the most appropriate results since it
coincides with the model used to give the data as presented in the data-book of theme B2. The
results deduced from models other than the Duncan and Chang model seems to under-estimate
both deformations and displacements, in general. In dam engineering practice, such an approach
in which more than one model is used are encouraged in order to evaluate the sensitivity and the
robustness of the solution.

4.2 UNIVERSITY OF NAPOLI :

In this particuiar case, the problem was simplified since the determination of the parameters was
not based on the parameters that were given in the databook. Moreover the reservoir filling phase
was not tackeled by in the paper. Consequently, the results of the university of Napoli are
compared to the other results just in the case of the « dam construction phase ».

4.3 CEMAGREF, COYNE ET BELLIER, ESM2/IMT :

The hydroplastic model appear to be a robust and a promising one whose parameters differ from
the Duncan and Chang model parameters. The link between both sets are not explicitly shown in
the actual contribution.
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5.0 PRESENTATION AND COMPARISON OF RESULTS
Most of the answers to the questions that were asked within the actual theme could be presented by

means of tables and figures.

5.1 LOCATION OF MAXIMA AND MINIMA OF DISPLACEMENTS
They are given in table 4.

5.2 LOCATION OF MAXIMA AND MINIMA OF EFFECTIVE STRESSES
They are given in table 5.

5.3 DISPLACEMENTS ALONG HORIZONTAL LINE HH

Horizontal and vertical displacements along the horizontal line HH located at the elevation +100 m
were required for both end of construction and end of displacements. The upstream part of this
line should be influenced by the wetting of the upstream rockfill. The displacements along the line
HH are shown in figures 3 and 4. '

5.4 DISPLACEMENTS ALONG VERTICAL LINE VV

Horizontal and vertical displacements along the vertical line VV located at 75 m upsiream of the
center line of the dam. Being located into the reservoir, this line should show the influence of
wetting on the upstream rockfill. The displacements along the line VV are shown in figures 5 and
6.

5.5 DISPLACEMENTS ALONG INCLINOMETER #4
Horizontal and vertical displacements along the inclinometer #4 which is located into the till of the
core are required. The displacements along the inclinometer #4 are shown in figures 7 and 8.

5.6 DISPLACEMENTS ALONG INCLINOMETER #5

Horizontal and vertical displacements along the vertical inclinometer #5 located 77 m downstream
of the central vertical line of the dam. Being located downstream within the dry rockfill, and at
equal distance from the central line to the vertical line VV - located upstream within the wetted
rockfill -, the results regarding this inclinometer are aimed to be compared to those which are
calculated in the case of the vertical line. The displacements along the inclinometer #5 are shown

in figures 9 and 10.

5.7 INFLUENCE OF RESERVOIR FILLING ON LINE VV AND INCLINOMETER #5

The influence of reservoir filling and its differential impacts are discussed. In fact, a direct
comparison of the displacements calculated along the vertical line VV (X=-75 m) and the
inclinometer #5 (X=+77 m) are shown in the case of Ismes-Enel and Cemagref et al.

5.7.1 Influence of reservoir filling in the case of Ismes-Enel

The horizontal displacements (figure 11) and vertical displacements (figure 12) produced by
Ismes-Enel are shown for both the vertical line VV and the inclinometer #5 in the case of « end of -
construction » and « end of reservoir filling ».
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5.7.1.1 Horizontal displacement (Ismes-Enel)

It could be noted that the horizontal displacements at « end of construction » are located at about
the elevation +90 m and are comparable in both the line VV (AH = -0,36 m) and the inclinometer
#5 (AH = +0,42 m). However, the wetting provoked by the filling of the reservoir produces a
higher horizontal displacement in the case of line VV because it is located into the rockfill under
the reservoir, Figure 11 shows a total horizontal displacement at « end of reservoir filling » of (-
1,0 m) for line VV and (+0,80 m) for inclinometer #5. The additional horizontal displacement due
to the collapse by wetting of the upstream rockfill located along the vertical line VV is 0,65 m.
The additional horizontal displacement due to the water acting as quasi-horizontal elemental forces
distributed along the impervious core is 0,40 m.,

5.7.1.2 Vertical displacement (Ismes-Enel)

It could be noted that the vertical displacements at « end of construction » are located at about the
elevation +90 m and are comparable in both the line VV and the inclinometer #5 (AV = -1,0 m).
However, the wetting provoked by the filling of the reservoir produces a much higher vertical
displacement in the case of line VV because it is located into the rockfill under the reservoir.
Figure 12 shows a total] horizontal displacement at « end of reservoir filling » of (-1,45 m) for line
VV and (+1,10 m) for inclinometer #5. The additional vertical displacement due to the collapse
by wetting of the upstream rockfill located along the vertical line VV is 0,45 m. The additional
vertical displacement due to « reservoir filling » is only 0,10 m.

5.7.2 Influence of reservoir filling in the case of Cemagref et al.

The horizontal displacements (figure 13) and vertical displacements (figure 14) produced by
Cemagref et al. are shown for both the vertical line VV and the inclinometer #5 in the case of
«end of construction » and « end of reservoir filling ».

5.7.2.1 Horizontal displacement (Cemagref et al.)

It could be noted that the horizontal displacements at « end of construction » are located near the
crest of the dam near the elevation +100 m to 120 m. Moreover it is found that the horizontal
displacements in the case of inclinometer #5 are towards upstream (AH = - 0,05 m at elevation +90
m), while it should be moving downstream. The horizontal displacements at the bottom of line
VV are also directed downwards while it should be moving towards upstream. At the elevation
+100 m, a major change in the direction of the horizontal displacement is found to occur leading
obviously 1o a concentration of shear stresses.

The filling of the reservoir appears to produce a higher horizontal displacement in the case of line
VV because it is located into the rockfill under the reservoir. Figure 13 shows a total horizontal
displacement at «end of reservoir filling » of (-0,16 m at elevation +120 m) for line VV and
(+0,15 m at elevation +125 m near the crest of the dam) for inclinometer #5. The additional
horizonta] displacement due to the wetting of the upstream rockfill located displacements along the -
vertical line VV is 0,11 m. The additional horizontal displacement due to the water acting as
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quasi-horizontal elemental forces distributed along the impervious core is 0,15 m in the case of
mclinometer #5.

5.7.2.2 Vertical displacement (Cemagref et al.)

The shape of the vertical displacements at the « end of construction » phase both in the case of the
line VV and the inclinometer #5 are similar and the values are comparable. The line VV shows a
higher displacement with almost (1,0 m at elevation +80 m) and the inclinometer showing a
displacement of (-0,9 m at elevation +90 m).

The effect of the wetting is more pronounced in the case of the vertical line VV. The additional
displacement due to the collapse in line VV is evaluated to about 0,50 m, while in the case.

5.8 TRANSIENT PIEZMETRIC RESPONSE IN THREE PIEZOMETERS

The transient piezometric response of three different piezometers (P11, P12 and P13) - located at
-elevation +100 m and distributed from the upstream to the downstrearn part of the core - were
required. Figures 15 shows the measured and calculated results. Some important discrepancies
are noticed in this case.

5.9 PREDICTION OF A PECULIAR BEHAVIOUR

The analysis of the results presented for this theme did not allow for the determination of the
peculiar behavior as it was observed in the field. It is recalled that a crack appeared near the crest,
in the upper part of the dam. However, both participants Ismes-Enel (P1) and Cemagref et al. (P2)
pointed out the importance of the deformations. The latter was more specific by showing that
excessive deformations are taking place into the upstream filter.

Problem B2 337



‘e 9 jeibewan ed
‘Juswajias e 10} sl Juswieoe|ds|p [eaiaA aAlsod 1z 910N jodeN N Z2d
Juswisoedsip Y6l 0} ysj e 10j S| Jusweoe|dsip jeyuoziioy aanisod 1| S10N [ou3-soLus] ld
€d Ly'yel 61°9G- gE'L- LGl 66°66¢ 0 _
cd - - - - - -
ld €091 9'6e- 6%°0- Juswipunoduwl Jo pug
€d ci'le ¥9°26 Zl'L- LG'¥l 66°66¢ 0
Zd 6'86 (A 180 -
ld g0l 6'LE 9')- EQON
ld ¢'8ZlL G'ge- c0'¢- cAON
bd 8velL £'9¢- £e'¢- Ao uolon)suco 3o puy
I9PON
(w) yusweoe|dsip [eonlap
¢d LvVEL | 695 | wL0- | /872y | L9S) €0
Zd - - - - - -
ld /91 6'€C 1270 juswpunodui Jo pu3
€d vy L6 £9'GhlL- £€C0- 92'86 90yl 438
Zd GGGl 208 620
ld ¥'L6 8L 50 cQOWN
ld vOLL 1994 £8°0- ¢Aon
ld '8¢l G9'8 80~ LAOW UoRONIISUOD JO puUl
|2poi |
(w) yuswaose|dsip [ejuOZLIOH
{w) A (w) X (w) A (w) X
WNWIiuip WNWIXeN
Ag uoneso] orelqabjy LUolles07 ojeaqgab|y

SPUIWIRIB[ASIP JO BUTUTW PUR BUITXEUT JO UONEIOT { jqR

ICOLD Fifth Benchmark Workshop

338



'ie g joibewsan ed
"UoIsSuS) & 10] S| $Sa1)s aAllsod : Z 9I0N HodeN 'n Zd
"uoissaldwoo e o} st ssaus aalebau : | 9)ON [aUF-sous| id
ed G162 9G°'/ L OGP~ 68°2.1 v6'Gl- ¥9'6 _
Zd - - - - - -
Ld G've 8 0Zi¥- juswpunodult Jo pug
ed LE'6T B¥'85- 19LY- Ge'8. LE'€91 626
Zd 6'v¢C 19- 688¢-
Ld v'ie 8'09- ovee- £AON
bd v'.IZ 809" 86G¢- ZQOW
bd ¥'.Z 8'09- G09¢- LJOW | uoBoNISuUod JO pug
1spojl
...I __{ed)) ssang 43 "d1UoA "Xely
¢d 5162 95/ LSL- | 1ZelL Gl e vreL |
Zd - - - - - -
Ld G've 8 T juswpunodull Jo pu3
¢d 1862 67’85~ | Z'VGLi- ¥8'8/ 16°061- 8Z'¢
Zd 96°.2 £'¥G- 8952-
Ld V12 8'09- ggee- CAOn
ld V12 8'09- Y¥Ze- Zaon
Ld v' 12 8'09- 86z2- LQOW | uononysuoD jo pug
I9pon _
(B3} SSaQ ‘YT 'ZUOH "Xep
(w) A {w) X (w) A {w) X
(z ?30U) (1 @ou)
winwiun wnuwixel
Ag uojeos07] oleuqably uol}e207] olelqably

$38S3.1)S IANIAYJS JO BUITUII PUB BUEIXEUI JO UOHEIOT] § I[QBL

339

Problem B2



6.0 CONCLUDING REMARKS BY THE FORMULATOR

6.1 TYPE AND QUALITY OF THE DATA SUGGESTED FOR THE THEME

In the opinion of the formulator, the Duncan and Chang hyperbolic model apply to the dams
whose soil matertals are not brought up to or near failure. When the soil material reaches or
overcomes the peak of the stress-strain curve, the hyperbolic model could only be adapted and
used with great care, but is not the suitable model.

This was specifically recalled by Prof. Duncan in Denver (June 2™, 1999) who was the author of
the keynote lecture dedicated to earthfill dams. However, Prof. Duncan was more restrictive,
arguing that the hyperbolic Duncan and Chang could be used only in the case of well designed and
well built earth dams. The parameters proposed for the actual theme were based on this model but
all the bulk laboratory data (data and triaxial curves) available were also given to the participants.

6.2 TARGET NO.1 OF THEME B2

‘The main target of theme B2 of this BW was to point out and recognize the difficulties associated
with the determination of the geotechnical parameters related to a rockfill that is collapsible under
wetting. Despite the difficulty related to the determination of the parameters, it is suitable to recall

the following conclusions :

B The Duncan and Chang rockfill parameters that were made available represent an acceptable
starting point. It was shown in the papers of the participants who succeeded in interpreting the
given parameters in order to built their own parameters.

B Jsmes-Enel succeeded in using different models to address the problem of a numerical difficulty
in using the Duncan and Chang model. The authors succeeded also in the determination of
large displacements or collapse due to the wetting of the upstream rockfill.

B Cemagref, Coyne et Bellier and EM2/IMT succeeded in their interpretation of the whole
phenomenon since they have depicted the potential of an opening movement near the upper part
of the upstream filter. This phenomenon is rather universal for all zoned earth dams :

B The collapsible rockfill tends to move the filter towards the upstream
B The water forces that are acting on the upstream face of the core tend to move the filter

towards the downstream.

8 Comparison of the displacements along the vertical line VV, located in the upstream shell, and
the inclinometer No.5, located in the downstream shell, provide a good estimate of the effect of
collapse by wetting. In fact, inclinometer No.5 tend to move horizontally towards the
downstream, while the displacements along the line VV show a strong settlement in the
reservoir filling case. It should be recalled that the line VV and the inclinometer No.5 are
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located symmetrically, at a distance of 75 m from the central axis passing through the core of
the dam.

6.3 TARGET NO.2 OF THEME B2

The second target of theme B2 of this BW was to compare the calculated and measured
piezometric level in a series of three piezometers (i.e. piezometers P11 (upstream), P12 (center)
and P13 (downstream) are located in the lower part of the core).

An important (but universal) discrepancy between the calculated and measured piezometric levels
was noticed (fig.15). In fact, it is found that the calculated piezometric levels are lower than the
measured piezometric levels, particularly near the downstream part of the core, where a higher
amount of pore pressure seams to dissipate. In figure 16, an expected linear headloss of pore water
pressures at steady-state are compared to the piezometric measurements : an important discrepancy
is noticed particularly near the downstream face of the core. The actual question regarding the
development of pore pressures in the cores, as it is proposed by the formulator, is undoubtedly a
difficult one. It is a fundamental problem that need further research and discussions. This BW
was in fact considered by the formulator as a great opportunify to raise « the problem of the
transient seepage and the high pore pressures in the core of dams » to the specialists and to the ad-
hoc committee.

For the time being, different arguments were proposed in the literature. it is recognized that most
of the available seepage models assimilate the advancing water front into the impervious core
material, during the reservoir filling phase, to the saturated front. This is not totally correct, since
a cerlain amount a air could be trapped in the inter-granular voids. More than one passage of the
water front and a higher water level could be needed in order to really saturate the impervious
material of the core. In parallel, one could examine the case of the high back-pressure that is
required ine the laboratory before a soil material such a till reaches the saturation. Such a back-
pressure could reach a cellular pressure of 700 kPa which corresponds to a water column of about

70 m.

6.4 LESSON FROM THE ACTUAL CASE

An important crack appeared near the crest, in the upstream part of the dam, when the reservoir
level reached 75% of the maximum level. As to explain this peculiar behavior, it could be noted
that the combination of the settlement of the upstream rockfill and the horizontal movement
towards downstream could enhance the opening of a crack in the transition zone. Both movements
are conducting to a lack of confinement leading to the opening of a crack.

The importance of the upstream transitions and filters was decisive in the actual case. Both zones
could play the role of a filler in the case of the developed of unexpected cracks. On the other
hand, it could be recalled that the reduction of the compaction level of the transitions and filters
could not only play a major role in preventing or reducing the arching between these zones and the
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core, but also to permit to these zones to play properly their role of fillers in case of cracks
development.
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Elevation (m)

LG-2 Rockfill dam
Simple mesh (o simulation of the construction steps)
853 nodes and 888 elements

220 = (Mesh filename LG2-11.MSH wilh 11 malerials)

200 |— (Meshfilename LG2-22.MSH with 4 materials)

180
160
140
120
100

-300 -250

200

=150 -100 -50 o] 50 100 150 200

Diétance {m)

Figure 2 L.G-2 rockfill dam. Finite element mesh
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FIFTH ICOLD BENCHMARK WORKSHOP ON NUMERICAL ANALYSIS OF DAMS
DENVER (COLORADO U.S.A.), JUNE 2-5, 1999

THEME B2

NUMERICAL MODELLING OF THE FIRST FILL OF LG-2 ZONED ROCKFILL
DAM

G.LA BARBERA', A.BANI', G.MAZZA"

ABSTRACT

The construction history and the first filling (considering
the «wetting collapse» phencomena) of LG-2 zoned earth dam
{Canada) have been simulated through numerical analyses
performed with the OMEGA finite element code. Three different
analyses have been carried out to simulate the construction
rhase, adopting both the uncoupled and the coupled approach.
Three different constitutive models have been considered: the
hyperbolic non-linear Duncan-Chang (1970), the modified Cam-
Clay (ECAM extended Cam Clay model) and the Drucker-Prager. In
the coupled analysis the consolidation phenomena has been
assumed to develop on the clayey core materials only.

A guite cumbersome procedure have been adopted in oxrder to
simulate the first reservoir impounding.

The results obtained from construction history simulation with
the adoption of different constitutive models {(displacements
and stresses) were in guite good agreement.

1. INTRCDUCTION

The paper presents the results of the analyses which have been
carried out for the LG-2 dam, part of the Phase One of the La
Grande Riviere Complex (Canada). It is a zoned earth and
rockfill embankment having a maximum height of 157 m, with a
crest length of 2836 m.

The cross section of the rockfill structure has a slightly
inclined upstream central core, made out of compacted moraine.
Upstream and downstream, the fine material of the core is
protected by filter and transition zones. The dam shells are

* ISMES S.p.A. — Seriate (Italy)
** ENEL S.p.A. Research - Milano (Italy)
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made of rockfill.

Three analyses were carried out in order to simulate the
construction phase: for the first two analyses the one-phase
uncoupled approach has been adopted; for the third one the
coupled approach. The first uncoupled analysis {(Mod-1) has
been performed adopting the non-linear hyperbolic soil model
{(Duncan and Chang, 1970}, according to Workshop suggested
parameters. The second uncoupled analysis (Mod-2}has been
performed using Ecam soil model (Fusco, 1994) for clay core
material simulation, Drucker-Prager model for filters material
simulation and Duncan - Chang for the simulation of all
remaining materials. The third coupled analysis has been
performed adopting Ecam model for clay core material and
Drucker-Prager for all the remaining materials.

The analyses performed for the first filling simulation
procedure has been run adopting the uncoupled approach and the
Ecam and Drucker-Prager models.

The computer program used for the analysis is OMEGA, a 2D 3D
f.e.m. code for the numerical solution of non-linear analysis
of both one phase ({(solid or fluid) and two phases solid-fluid
medium subjected to static and dynamic load conditions. This
code has been developed by ISMES S.p.A. on the basis of the
theoretical formulation presented in [5]1, [61, [7], [8].

The numerical computation have been carried out on the HP 9000
computer at the ISMES computer facilities in Bergamo.

2. BRIEF DESCRIPTION OF THE ADOPTED CONSTITUTIVE MODELS

Both one-phase solid and coupled two phase solid-fluid
formulation associated to an incremental elasto-plastic
deformation theory have been adopted. A plane strain
hypothesgis has also been considered.

Duncan and Chang (1970) model

The implemented non-linear elastic hyperbolic model is based
on the work of Duncan and Chang (19870). It respect the
following main hypothesis:

. the failure condition is represented by a Mohr-Coulomb
surface defined as
(61—G3)(1—sing) _1 (1)

2(ccos@—3ising)
where:
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81 and 63 are the maximum and minimum principal stress
values at failure (compression stresses are supposed to be
negative) ;
¢ and @ are material parameters;

° material response is controlled by a stress level
parameter defined as

51
— for s2>0

52
s=1 1 forst=s52=0

10, forsi#205250

where:

si=(c1~ &3}l — sing)

s2=2{ccosQ —agising)

If s=1 the representative stress point in p,q plane falls
on the Mohr-Coulomb yield surface; if s>1 representative
stress point falls externally to yvield surface and if s<1

it is strictly internal to vield surface.
. under triaxial loading conditions the maximum compressive

stress 0, {axial)vs the maximum compressive strain g,
{axial) and the minimum compressive strain g,

{(horizontal)vs the maximum compressive strain g, (axial)
can be represented by hyperbolic curves.
The following sign convention was adopted:

G - _03 8&= _83
Gy = -0y £p= &

For loading conditions:

2
B Eo(1-R-5)* when0<s<] (2)
0.01 p. when s=1
VEve=— with (3)
(1-A)
v=0 when v, <0
v=0.49 when v,>0.49
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n

Ic_ﬂ

Eo=Kpa (4)
Da
Voz(E—Fdogﬂng (5}
Pa

— c

Gl= — Ol
tang (6)
D

A=E(O'l-03)(1—R-S)

Pa atmospheric pressure

K  Modulus number (initial slope in (o,- O,)}/Pa vs g,
diagram for o,=Pa

Failure ratio

exponent controlling the rate of change of E; with o,
initial slope in the g, vs g, diagram for o©,=Pa

Lwr e B = R o

for o,=Pa
F exponent controlling the rate of change of v, with o,

{ECAM) Extended Cam~-Clay model
ECAM model respects the following hypothesis:

. isotropic material;

. linear elasticity inside the yield surface;
. associate flow rule G = F;

. strain hardening;

factor controlling the asintote in the g, vs g, diagram

. vield function F(p.qg,9,k)=0 of the type shown in Fig.l.

mh=Mi d—pi

Fig. 1 - Extended Cam-Clay(ECAM) yield surface in p-q plane
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In particular ECAM model requires the following material
parameters definition:

E Young modulus;

v Poisson coefficient;

C cohesion;

) friction angle;

v specific volume;

A slope of wvirgin line;

X glope of swelling line;
OCR over consolidation ratio;
r ECAaM yield parameter.

The critical state function results:

f =g+ Mp - N (g = - Mp + N)
The mathematical formulation for M and N parameters differ
according to the adopted failure criteria, namely

for Drucker-Prager failure criteria:
6sing
3—-sing (8)
_ 6c cosg
—_3—sm¢
for Mohr-Coulomb failure criteria:
3sing
V3 cosf—sin@sing (9)
3c cos¢
/3 cosB—sin@sing

The yield function can be mathematically represented as
follows:

M=

2

F=(p—B) +—— -1’ (10)
m

where:

p=4a-rzch
d = ctan1¢
m = rM where r is a given constant value defined as:
__m(6=30°)
M (8=30°)

If
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The Drucker_Prager failure criteria has been adopted in the
performed analysis.

Drucker~Prager model

The elastic-perfectly plastic Drucker-Prager constitutive
model inscribed to the Mohr-Coulomb was adopted (Fig. 2).
Plastic deformations were calculated considering an associated
flow rule.

Drucker—Prager &> 0
—a3 (1852)

-pim—gLE -g]3

3c cot@/’)\
-

c cotd
Tension Foilure

~al

Fig. 2 - Drucker-Prager yield surface in principal stress space

3. RESERVOIR IMPOUNDING MODELLING

The main effects produced by reservoir impounding have been

simulated adopting the strategy described as follows:

. independent simulation of seepage phenomena. The hydraulic
heads variatilon between two subseqgquent calculation times
t, and t,, have been used as input data, at the same time
interval, in the structural analysis;

o pressure load on the wet upstream face of the dam;

. simulation of wetting collapse phenomena by mean of an
empirical numerical procedure.

Wetting collapse modelling procedure

The main steps of the procedure used to simulate wetting
collapse phenomena are the same explained by Nobari-Duncan
(1972). They are described in the following (Fig.3):
. evaluation of relaxed principal stresses after saturation
by mean of two simplified analyses:
A) Instantaneous construction of the dam considering dry
parameters and gravity loads
B} Instantaneous construction of the dam imposing
displacements evaluated at previous step A and gravity
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loads. In saturated zones wet parameters have been
considered.
o evaluation of displacements induced by wetting collapse
{Analysis A):
for each impounding phase (n) displacements induced by
wetting collapse have been evaluated by mean of a simplified
analysis. The following loads conditions have been

considered:
° instantaneous construction of the dam;
° same initial stress distribution as in previous load

step, but subtracting the evaluated relaxed stresses
in the new saturated zones;

. iocads acting in the previous load step n-1;
N wet parameters in all saturated zones.
° Evaluation of displacements induced by impounding loads

(Analysis B):

for each reservoir impounding phase, displacements induced

by impounding loads have been evaluated by mean of a

simplified analysis subdivided in two load steps:

o instantaneous construction of the dam considering the
same loads and parameters as in the corresponding
phase of the previous analysis A. Initial stress
distribution corresponding to the final stress
distribution evaluated at the end of Analysis A. Young
modulus in the saturated zone has been adopted as
Es=4E; where E; is the Young modulus adopted in the
construction phase.

o application of the incremental hydraulic loads

° Total displacements evaluation

Total displacements have been obtained by adding the

component displacements evaluated on both A and B analyses

as previousgly described.
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SIMULATION OF THE FIRST IMPOUNDING
ADOPTED PROCEDURE

A) Wetting-collapse: Evaluation of decrease of stresses in saturated zones

LOAD LCAD
Gravity-leads Imposed displacements evalued at step=1

Plrases of the impounding

1) Instancous construction of the dam SET OF PARAMETERS: 2} Instaneous construction of the dam
A) PRY CONDITIONS

B) SATURATED CORDITIONS

l B) Wetting—collapse: Modelling of a phase of impounding

LOAD LOAD
Gravity-loads Gravity-loads
Hydraulic loads
INITIAL CONDITIONS SETOF PARAMETERS; INFTTAL CONDITIONS
AYDRY CONIITIONS
!ollese(‘._; ([g"}; . ]g‘; . ) B) SATURATED CONDITIONS fof Phase,
8

1) Phase i4 - {nstaneous construction of the dam 2) Phase iB

INFERVAL |+ ISFANTANEQUS CONSTRUCTION OF THE DAM
INFERVAL 1- APFLICATION OF HYDRAULIC LOADY

Figure 3

4. ADOPTED MESH

Two finite element meshes have been carried out for the cross
section of the dam: the first one for the structural analyses;
the second one for the seepage analyses. They are represented
in figures 4a and 4b. The first one consists of 833 elements
and 2610 nodes. Two different type of elements are present:
isoparametric 8-nodes quadrangular and 6-nodes triangular
elements. Numerical integration for the two types of elements
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was performed using respectively the Gauss (with four
integration points) and the Radau rule ( with three
integration points).

The second mesh consists of 1641 elements and 3418 nodes and
is composed of 6-nodes triangular elements. Number and
position of the nodes of the first mesh are the same as in the

second one.

Fig. 4b - Adopted mesh in seepage analyses

5. BOUNDARY CONDITIONS

The adopted boundary conditions are:

Structural analyses

null horizontal and vertical displacements at the base:; null
horizontal displacements on the vertical sides of the
foundation domain.

In the coupled analyses null excess pore pressure on lateral
an upper boundaries of the core.

Seepage analyses

Upstream dam face under water level and upstream soil
foundation zone: imposed hydraulic head egual to water table
level; base impervious (no flow conditions); downstream zone
of foundation soil: imposed hydraulic head equal to the ground
level.
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The downstream dam face was considered as a seepage surface.
Initially all the node along the face are prescribed (head h

equal to elevation y of the point). Afterwards in the nodes at

which an entering flow (g>0.)was evaluated no flow condition
is imposed. If in any of such nodes the evaluated pore
pressure, after some iteration, becomes positive, they are
fixed imposing h=y.

6. MATERIAL PARAMETERS

The simplified model, consgidering only four material zones,

was adopted. The different materials are represented in Figure

5. The adopted materials parameters are reported in Tables 1
and 2. In Table 1 parameters relevant to Duncan_Chang model
are reported. They are the same as those proposed by the
Organising Committee.

Dam Material considered in the finite element mesh

Dam Upstream and Downstream outer rockfill
Rockfill of the upstream cofferdam

Selected rip-rap stones of the dam

Moraine of the dam core

Dam Upstream and Downstream inner rockfill and Rockfill of the downsiream cofferdam
Upstream transition of the dam

Upstream filter of the dam

Downstream filter of the dam

Downstream transition of the dam

Rip-rap cushion of the dam

Dense sand and grave! under the downstream toe

B b [ |G [ I | et [ et |t [t

Fig. 5 - Defined material zones

In Table 2 the parameters relevant to Ecam and Drucker_Prager
models are reported. Consolidation parameters have been

estimated from the available data. Strength parameters are the

same as those adopted for Duncan_Chang model but transformed

in the equivalent ones c® and ¢® in order to obtain the
Drucker_Prager yield surface inscribed to the Mohr-Coulomb

orne.
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Such models require also a secant Young modulus definition. Tt
was estimated for all materials from available triaxial curves

and from theoretical curves obtained in the plane ({01-03) -

€2) adopting the Duncan-Chang model. After some preliminary
analyses, an average confining pressure of 500 kPa and an
average deformation of 2-3% have been considered.

For the core material a permeability ratio of &, K, = 4 has been
adopted.

More details regarding the choice of the parameters is given
in the appendix.

Adopted parameters for the model of Wong and Duncan(1974)

K N Rr G F 0D
(see note below) {1} (2} (Ly; 2y L {Ly; 2y Loy 2y | (1y:2) | (3):(2)
Core 110031100 0.50 0.50 0.35[. 0.06 8.8
Filters 230012000 0.40 0.70 0.40 0.10 21.4
Transitions 1400( 10060 0.38 0.67 0.25 0.06 9.9
Rockfill 500| 3060 0.36 0.72 0.23 0.08 5.6
Note:
{l) Construction phase
(2) Reservoir impoundment phase
e« Apparent cohesion corresponding to the unsaturated state
Table 1
371
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Not

Ecam model {core) and Drucker-Prager

Core Filters Transitions Rockfill
{see note {1} (2) (1} {(2) (1) (2} (1) (2)
Table 1)
v (kN/m’)| 22.6| 22.95 21.22| 22.79] 20.12[ 22.32] 21.22| 23.11
C* (kPa) 123, 10, 0. 0. 0. 0. a. Q.
* (O} 25, 25,1 28.081 27.25| 27.67) 26.83] 28.48] 26.83
v 0.3 0.3 0.35 0.35 0.3 0.3 0.25 0.25
E (Kpa) {250000(250000] 90000} 75000{ 80000} 70000] 50000] 35000
A 0.015f 0.015 - - - - - -
e 0.005} 0.005 - - - - - -
VStot 1.3 1.52 - - - - - -
OCR 4.0 4.0 - - - - - -
Ky, (mm/s)|4.0e-7|4.0e-7 -|1.0e-4 - Oe-4 -11.0e-3
K, (m/g)}1.0e-7{1.0e~7 ~11.0e-4 - De-4 —-{1.0e-3

e:

(1) Construction phase

(2) Reservoilr impoundment phase

*) Eguivalent friction angle ¢° for Drucker_ Prager failure criteria

7.

The following

PERFORMED ANALYSES

cross section of the dam,

Construction phase
1. Mod-1 - Uncoupled analysis

materials;

2.

3. Mod-3 - Coupled analysis

Mod-2 - Uncoupled analysis
Drucker-Prager for the filters,

transitions;

Table 2

namely:

Drucker-Prager for the others materials.

Reservolr Iimpounding phase
4. Seepage analysis
5. Four phases of impounding simulated by mean of 8 different
{two analyses for each
Drucker-Prager for the

phase)

and subsequent uncoupled analyses
- Ecam model for the core,

others materials

analyses have been carried out on the main

- Duncan-Chang model for all

- Ecam model for the core,
Duncan-Chang for the

- Ecam model for the core,

372
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Initial conditions

in order to simulate the over consolidation due to material
compaction an initial stress state has been considered for all
materials dam. An isotropic initial stress state of 20 kPa has
been applied for Mod-1 analysis; 35 kPa for Mod-1 and Mod-2
analyses. In this case OCR values has been reduced in order to
have the same initial plasticity surface as Mod-3 analysis.

In seepage analysis initial pore pressure distribution was the
same as the excess pore water pressure distribution evaluated
at the end of construction.

Construction phases

The construction sequence proposed by Organising Committee was
adopted. Ten construction layers were considered.

The cofferdam and the thin foundation downstream layer were
applied in the first construction phase.

Impounding phases

The impounding phases adopted in the analyses are defined in
Table 3:

Elevation Time
(m s.1.m.) (days from impounding begining)
Phasgse 1 110. 14
Phase 2 128. 54
Phase 3 156. 194
Phase 4 175. _ 374
Table 3

Main remarks on the obtained results

The results of the performed analyses are plotted according to
the proposed templates.

The requested displacements results are shown in Figures 6-9
{end of construction) and 10-13 (post construction).

The hydraulic head evolution since the end of construction is
reported in Figure 14.

The contours of effective stresses (Figures 15, 16, 18) and of
post construction displacements (Figure 17) are also reported.

Tables 4 and 5 reports maximum stresses and displacements
values at the end of construction and after comnstruction.
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Maximum stresses and displacements at the end of construction

Mod-1 (D.C.)} Mod-2 (D.C. + Mod-3 (D.P. +
D.P.+Ecam) Ecam)

X-coor|Y¥~coor| Value [X~coor|Y-coor| Value |(X-coor|Y-coor| Value
{m) {m) {(Kpa;m) {(m) {m) (Kpa;m) (m) {m) {(Kpa;:m)
ok -60.8] 27.4] -2258| -60.8| 27.4] -2244| -60.8B] 27.4| -2355
G’y -60.8] 27.4] -3605| -60.8] 27.4; -3598! -60.8| 27.4| -3246
a{* 8.65] 128.2 0.8 43.0] 110.4 0.53] 17.8] 91.4 0.52
&j -26.31 134.8 -2.53} -35.5( 128.2 -2.02] 31.9] 110.3 -1.6

*Directly calculated diplacement (comprise settlement of own layer after
placing}

Table 4

Maximum stresses and displacements at the end of first
reservoilr impounding

Mod-3 (D.P. + Ecam)

X-coor | Y-coor | Value

{m) (m) (Kpa;n)

T’ x 8.0 24.5 -2534

g’y B.0] 24.5 m -4420

8 " 23.9/167.0 m 0.71

5, -39.6] 160.3] -0.49

* Displacement evaluated after end of construction
Table 5

Construction phase

The maximum calculated settlement has been obtained with
Duncan_Chang model (Mod-1) and its value is about 253 cm. It
occurs close to the upstream zone of filter-core contact at
elevation of about 130 m s.l.m. On the other hand, the maximum
settlement with Ecam and Drucker-Prager models (Mod-3) occurs
in downstream rockfill, at about 110 m height, and it is about

160 cm.
The calculated maximum horizontal displacements is about 80 cm

for Mod-l1l analysis and about 50 cm for the other models.

The differences between the result obtained with the different
adopted models are evident especially in the core (Figures 7b
and %9a).
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The calculated effective stress distribution is quite similar
in the three performed analyses (Figures 1%5-16). The most
important difference can be noted in the lower part of the
core, where in the Mod-1 analysis effective compressive
stresses are greater than those calculated in the filters. For
the other two cases the situation is exactly opposite.

Impounding phase

The maximum calculated post construction settlement in the
upstream rockfill is about 50 cm (Figure 17). The maximum
calculated horizontal displacement is about 71 cm toward
downstream direction (on downstream face at elevation of about
165 m}) and about 26 cm toward upstream direction (on upstream
face at elevation of about 135 m}.

It was evaluated the different contribution on the
displacements development due to wetting collapse and buoyancy
and water load. The first cause is prevalent for the
settlement (Figure 13b); the second one for horizontal
displacements (Figure 13a).

Horizontal displacements on the crest, after the first phase
of reservoir impounding, are directed in upstream direction.
Afterward they progressively increase toward downstream
direction (figure 12a).

After impounding the effective stresses decreased in the
upstream zone of the dam, especially at the upstream core-
filter contact zone. Effective stresses have strongly
increased on the downstream side of the core, close to the
base (Figure 18).

7. REQUIRED COMPUTATION TIME

The uncoupled analyses with the Duncan-Chang model {(Mod-1 and
Mod-2)} required a CPU time of about 15 minutes; while the
coupled analysis with Ecam-D.P. models (Mod-3) about 3 min.

The simplified analysis for the simulation first reservoir
impounding required a CPU time of about 1 min. for each phase.
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8. CONCLUDING REMARKS

The whole set of results obtained from the carried out
analyses for the Fifth Benchmark Workshop are presented and
discussed in this paper.

Two different approaches (coupled and uncoupled) and three
models - hyperbolic Duncan-Chang model, Ecam for clayey
materials and Drucker-Prager models - were considered to
simulate the construction phase of the dam.

An acceptable agreement among the results obtained with
different models were found. Some discrepancies are evident in
the dam core both for settlements and stress distribution.

The solution with Duncan Chang model presented some numerical
difficulties and some doubt arose about the strong
differential settlement calculated at contact zone between
upstream filter and core.

The wetting collapse phenomena has been simulated by mean of
an empirical procedure, which main steps consist in a series
of simplified and subseguent analyses. The obtained results
are in agreement with the measurements taken on other dams of
similar typology and dimension to LG-2 dam (i.e. El Infernillo
dam} .
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Appendix

Evaluation of the parameters for Drucker-Prager and ECAM
(Extended Cam Clay) models derived from the data provided by

the specifications.

Drucker-Prager model

The model needs, for each material, a secant deformability
modulus consistent with the strains that the structure will
undergo during the application of the loads. From preliminary
analyses an average deformation of 2-3% has heen estimated at

the end of construction.

Afterwards, deformation moduli have been evaluated assuming an
average confinement stress of 500 kPa and considering both the
available triaxial tests and the stress-strain{{o; - O3) - E3)

curves obtained from the Duncan-Chang model.

ECAM (Extended Cam Clay) model
The model needs the following additional parameters:
Total specific volume defined as:

Viot = 1 + e

A and g (normal consolidation and overconsolidation)
parameters defined as A = C./2.3 and ¥ = C,/2.3 where C; and C;
are the compression and re-compression indices. These indices
are obtained from o.~ e curves of Theme B2 specifications

(Annex 6} .
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Moreover, a cohesion of 10 kPa has been assumed for satured

conditions.

In the table shown 1in the next page, the wvalues of the

parameters adopted in the analyses are reported.

In the seepage analysis the Specific Storage coefficient has

also to be evaluated:
Se = gg [(1 - n) o + nf]
where
o = 1/B
B = volumetric deformation modulus

water compressibility (4.8 B -07 1/kPa)

-
1l

n = porosity

The values of 8 computed and calibrated on the basis of

preliminary analyses are:

Core 1.0E -03 1l/m
Filtres 1.0E -03 1/m
Trans. Zone 1.0E ~03 1/m
Rockfill 1.0E -04 1/m
Finally, the ratio between horizontal and vertical

permeabilities has been assumed egual to Ky/K, = 4.
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5th. ICOLD BENCHMARK WORKSHOP - THEME B2

VERTICAL DISPLACEMENTS AT THE END OF CONSTRUCTION HORIZONTAL D{SPLACEMENTS AT THE END OF CONSTRUCTION
Section X«T8%m Section X=-T3 m
200 T - 200 T I
e (OO - D.C. - UNC, = lua (O - DG - UNG,
=a{==MOD2 - D,C, (rockfil] + D.P. (Mer) » ECAM {cove} - UNC. = —~MOD2 - D.C. frocidil} + D.P. (filler) + ECAM {coce) - LINC,
175 —nfynsn O D - DLP, (rockfil § filor) + ECAM {core) - COUP. 175 wmanglys OO - D:P frockl / filler) + ECAM (cora} - COUP.
150 150
{
/ﬂ !
- 125 ; 125
E / i T 7
p -
=
: 7 2
100 y ¥ 100
K] Aé 2
o i ; f i{
50 50
e !
= : 25 |
o | o
-200 -150 =100 -50 L] =100 50 1] 50 100
verticat displacomants fem) horlzomtd cizplacemants (cm}
Fig. 6a Fig. 6b
VERTICAL DISPLACEMENTS AT THE END OF CONSTRUGTION HORIZOMTAL DISPLACEMENTS AT THE END OF CONSTRUCTION
Indinomaoter IN-04 Inclinometer IN-04
200 200 l
4
175 175

125 V| 128 "3
c H =
5100 \Y ] (2100
H NRH
5 s
™5 AN > s
m :\‘\ -
25 25
—0—MODT -D.C. - UNGC, e MG D - BLE. - UNC. .
~O—MOD2 - 0.C, (rockflf) + D.P. {Bller) + ECAM (core) - M, e f = MOD2 - D, brck) + D.P. (ffiar) » ECAM (cors) = UNC.
o -—*-—Mccfu-n.r’.{mrn:‘ummm(mt-oow. 0 —.—Mo‘m-np.(mmu.ﬂm* Ec.m(eorlol-coup.
200 - 50 -100 =0 e 50 M 50 100 150
vertical displacensntx (cm} horizontal displacements {em)
Fig. 7a U Fig. 7b
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5th. ICOLD BENCHMARK WORKSHOP - THEME B2

HORZONTAL DISPLACEMENTS AT THE END OF CONSTRUCTION
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PROGRESSION OF HYDRAULIC HEAD SINCE THE END OF CONSTRUCTION
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EFFECTIVE VERTICAL STRESS AT END OF CONSTRUCTION
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EFFECTIVE HORIZONTAL STRESS AT END OF CONSTRUCTION
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MOD3 - D.P. (rockfill/filter) + ECAM (core)
Post construction stress at the end of first impounding
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tend initially to grow due to the reduction in void ratio
induced by the overburden weight and, subsequently, to
reduce because of both the stiff response of soil skeleton
that does not allow further increments in positive pore
pressure and the high permeability of the medium that
facilitates a downward oriented seepage through the core. At
the end of impounding the pore pressure field coincides with

the one at steady state.
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Fig.1l. 1Inclinometer IN-4: Displacement at the End of
Construction
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on PC Workstation PENTIUM 450 XEON (500 Mb RAM, 9GB HD). The
run time has been of about 3 hours.

MODEL PARAMETERS

The problem has been simplified by assuming for the filters,
transitions and rockfills the same mechanical and physical
properties, except the so0il unit weight.

slope of critical state line, M 1.5048
Normal compression index, A 0.00926
Swelling-recompression index, X 0.00250
Poisson’s ratio, V 0.30
size of the yield loccus, p;o(kPa) 640
initial saturation degree, S 0.82
residual pore water pressure, U, -200
{kPa)
residual mean effective stress,p;(kPa) 164
initial void ratio, e, 0.240
permeability ceoefficient, k (Sr=1) 4.10°7
(m/s)
dry unit weight, v, (kN/m®) 21.07
Table 1 - Physico-mechanical parameters of the core

Parameters have been derived from the experimental triaxial
compression curves obtained on rockfill of EL-Infiernillo
shoulders. For the core the parameters of table 1 have been
obtained from the experimental results provided by the
benchmark promoters.

RESULTS

The results are plotted in Figs 1-9 according to
requirements of the benchmark promoters.,

Collapse effects during the first impounding were not
simulated because there were not enough experimental data
about the sensitivity of mechanical properties of rockfill
to saturation. The displacement field during impounding
remains unchanged (Figs.1l to 8), because collapse was not
taken into account and also because construction materials
are very stiff when subjected to elastic swelling. During
construction piezometric heads at elevation 43 m (Fig.9)
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proportional to pore pressure when pore pressure exceeds the
atmospheric pressure (Pagano, 1997). This strategy was
proven to induce pore pressure values very close to zero at
the boundary under saturated conditions and was successfully
verified (Pagano,1997) in predicting the saturation line
through a homogeneous earthfill dam.

MODELING OF ROCKFILL BEHAVIOUR

The very high permeability of rockfill materials used for
the shells permits to hypothesize free draining behavior,
and, consequently, to follow a uncoupled approach
(equilibrium + stress-strain relationship ) where only soil
skeleton behavior is accounted for. A elastoplastic
isotropic hardening stress-strain relationship has been
used. The yield locus is a straight line in the g-p’ plane
that, when forced to rotate due to stress changes, produces
deviatoric plastic strain. Therefore, the hardening law
relates the slope of the yield locus to the accumulated
deviatoric plastic strain.

DISCRETIZATION OF THE PROBLEM

For the shells 8-node isoparametric reduced integration
elements (qguadratic displacements) were used; while for the
core, where the analysis is coupled, the additional degree
of freedom pore pressure is defined at the corner nodes
(quadratic displacements, linear pore pressure). The finite
element mesh is made of 906 elements and 2873 nodes. A
staged construction has been carried out by progressively
activating 17 layers with time, according to the
experimental fill level versus time relationship. Each layer
is made of two or three rows of elements.

Impounding stages have been simulated after the analysis of
construction stages. At a given stage of impounding the real
pore pressure distribution has been applied on the upstream
boundary of the core. The core foundation has been assumed
impermeable while the not wetted core boundary has been
modeled as a seepage surface (see above the relationship
between v, and u,). The full water level has been reached in
30 steps, each of one carried out in a time obtained from
the curve of the water level versus time.

ANALYSIS TOOLS

The analysis of construction and impounding stages has been
carried out by using the finite element code ABAQUS, running
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o'=0~S5u,l (1)

where:

Oo=total stress tensor

S;=degree of saturation
Uy=pore walter pressure

I=unit tensor

A Modified Cam~Clay type stress-strain relationship has been
used.

The water retention characteristic curve has been assumed to
linearly relate the point expressing the initial conditions
in terms of degree of saturation S,y and suction u, to the

point S,=1 -~ u,=0.

Initial state and boundary conditions

Important features of a coupled analysis such as that just
described are the definition of the initial values of pore
pressures and stress components, as well as of appropriate
hydraulic boundary conditions.

The assignment of initial values of pore pressures is
problematic, due to the uncertain knowledge of suction
acting within the soil when placed (usually not measured)
and the extreme sensitivity of the predictien to this
variable. The weight of the placed soil is treated like an
external load, so that total stress components are initially
set to zero. Initial values of negative pore pressure u,
degree of saturation S, and effective stress G’ i components
have to be in equilibrium, so that, according to (1) it
follows that:

- S
G'xD - GlyO =0~ _Srouw(] (2)

During numerical simulation of construction and impounding
stages care must be taken in modifying the hydraulic
boundary conditions consistently with the pore pressure
changes occurring at the boundary itself. The hydraulic
conditions at the core boundary are uniquely defined only at
the impervious foundation and along the part of the lateral
boundary wetted by the reservoir. Along the remaining
boundary null flow rate must be assumed while pore pressure
is negative, and null pore water pressure must be forced if
pore pressure values tend to exceed the atmospheric
pressure. An effective method to simulate this behavior is
to relate at the boundary the flow rate v, to the current
value of pore pressure u,, by assuming that flow rate is
equal to zero when pore pressure is negative, and
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PREDICTION OF THE BEHAVIOR OF A ZONED EARTH DAM DURING
CONSTRUCTION AND IMPOUNDING

L. Pagano®, A. Desideri®, F. Vinale™, F. Sorvillo™

This paper summarizes the theory and numerical tools used
for the prediction of the LG-2 dam behavior during
construction and impounding stages. A coupled approach has
been assumed for the core while filters, transitions and
shells have been analyzed following a uncoupled approach,
according with their high permeability determining a free
draining behavior. Details are provided about initial
conditions and hydraulic boundary conditions defined within
the core consistently with the set of differential equations
assumed, which take into account the initial unsaturated

state of the material.

MODELING OF CORE BEHAVIOR

Set of governing equations

The core has been modeled by using a coupled unsaturated
approach consisting of the solution of the following set of

equations:

¢ s50il equilibrium equation

e water continuity eguation

¢ water retention characteristic curve (i.e. relationship
between degree of saturation S, and pore pressure Uyl

¢ stress-strain constitutive equation

Air continuity equation is eliminated by the assumption of
air pressure constantly equal to the atmospheric pressure.
In this case the degree of saturation remains as field
variable in the water continuity equation, ensuring, for
S:<1, a dependence of soil compressibility on the slope of
the water retention characteristic curve. The stress-strain
relationship is defined referring to a “single” effective

stress tensor ¢’ defined as:

) PhD,, Diparimente di Ingegneria Geotecnica, Universitadi Napoli “Federico I, Via Claudio 21, 80125 Naples, italy

:Prof.. Diparimento di Ingegneria Geotecnica, Universitadi Napoli “Federico II", Via Claudio 21, 80125 Napfes, Haly
Prof., Dipartimento di Ingegneria Strutturale e Geotecnica, Universitidi Roma “La Sapienza”, Via Montedoro 28, 00196

Rome, Italy

= Student, Dipartimento di Ingegneria Geotecnica, Universitadi Napoli "Federico H”, Via Claudio 21, 80125 Naples, ltaly
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HYDRO-PLASTIC ANALYSIS OF LG-2Z2 ROCKFILL DAM DURING
CONSTRUCTION AND IMPOUNDING STAGES

[

Patrice Anthiniac 1,2 Stéphane Bonelli ! Olivier Débordes

INTRODUCTION

This contribution to the theme B2 of the Fifth Benchmark
Workshop on Numerical Analysis of Dams presents a fully
coupled hydro-mechanical analysis of the construction and
impounding stages of the LG-2 rockfill dam. The originality
of this contribution lies in the physical model used : the
hydroplastic model. This model has been developed to solve
the problem of rockfill collapse modelling. A correct
simulation of settlements in upstream shell during impounding
is the main objective of this analysis.

THE PHYSICAL MODEL

Modelling collapse of rockfill material with the hyperbolic
nmodel (Duncan & Chang 1970) or other models requires a change
in modulus. For one material, two sets of parameters are
considered (dry and wet). The procedure used to change
modulus gives acceptable results but is not scientifically
lawful. We propose to simulate the global rockfill behavior
(dry-wet) with one single set of parameters, using a new
constitutive model : the hydroplastic model.
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Figure 1. Influence of saturation on cedometric path;
Phenomenon of rockfill collapse.
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The hydroplastic model is an elastoplastic model based on the
C.J.5. model (Cambou 1988) developed for granular materials.
The C.J.S. model is composed by

» a non-linear elasticity;

+ two plastic mechanisms (deviatoric and spheric);

+ the characteristic state concept;

» & non-linear isotropic hardening associated with each
plastic mechanism.

Hydric state effect and characteristics of rockfill
mechanical behavior described below are introduced in the
C.J.5 model

» a decreased secant angle of friction with water;

+ a decreased consolidation pressure with water;

- an increased compressibility with water;

a curved failure envelope;

the phenomenon of particle c¢rushing in contact areas.

»

L ]

The relationship suggested by Barton (Barton 1981) is used to
take into account the curved failure envelope. This
relationship, initially developed for rock joints, is
completed with the hydric state effect

o = @;—Rlog[""'“

J ,  OF =d(I-05, )0
G¢

where 0, 1s the total normal stress, u the pore pressure and
Sy the hydric state of block surface (0 = dry ; 1 = wet).
Each parameters has a physical meaning associated with

« the parent rock

¢, : basic angle of friction
O, : dry uniaxial compressive strength
l-o0 : ratio between saturated and dry strength

+ the shape and the arrangement of the blocks
{ d : parameter dependent on gradation

R : parameter dependent on porosity and angularity

Lade (Lade 1996) has evaluated the degree of grain breakage
for sand under high stresses from the plastic work. The same
argument is used to estimate particle crushing in contact
areas for rockfill materials. Consequences of grain crushing
on mechanical behavior are introduced in the model using a
theory developed by Hicher (Daocuadji & Hicher 1997). The
hydric state effect is added
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Consolidation pressure

Wd

pe=(1- B X S) peo . X:E&%E

“gzzjcxmg : deviatoric plastic work

X : mobilization of grain crushing
B, B : parameters (hydric state influence).

MATN ASSUMPTIONS FOR COUPLED ANALYSIS

» The mesh used for the mechanical problem was the mesh
suggested for the Workshop. Only the core mesh was used for
the hydraulical problem.

« 5 types of materials were used : moraine of the dam core,
filters, transitions, rockfills and downstream toe alluvium.

» The constitutive model of the materials was the
hydroplastic model described above, excepted for the
downstream toe alluvium for which the Mohr-Coulomb model has

keen chosen.
» The initial degree of saturation in the core is 0.83,
corresponding to a succion of 200kPa. The filters,

transitions and rockfill materials are initially dry. The
preconsolidation stress is 200kPa in the core and 100kPa in

other materials.

+ The boundary conditions are given in figure 2 and figure 3.

b -
o -
o
hydrostatic pressure =
: - nulf herizontal displacement
= —u.___,_22;3<::;:::

null vertical and horizontal displacement

Figure 2. Mechanical boundary conditions.

Il

impounding condition

Figure 3. Hydraulical boundary conditions.
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PARAMETERS CALIBRATION

Parameters calibration of C.J.S. model has been the subject
of a detailed method (Cambou 1988). Barton relationship
parameters are identified with abagqus and physical datas

(Barton 1981).

Parameter 0 (water effect on secant angle of friction)

is

identified from dry and saturated triaxial tests. Parameters
B and B (water effect on consolidation pressure and

compressibility) are not easily identified from experimental
tests and are evaluated on dams with back-analysis.

Zpplication to the IL.G-2 case study

Available datas are
« drained triaxial tests and hyperbolic parameters for core
and filter materials;
« hyperbolic parameters for transitions and rockfill.

Review of calibration methods used

MATERIAL DEVIATORIC BEHAVIOR SPHERIC WATER EFFECTS
BEHAVIOR
Failure Stiffness Compressibility
Core No water
Curve fitting effects
with experimental tests
Filters
Curve fitting
Barton with Calibration
Abaqus Curve fitting triaxial with dry and
Transitions with responses of wet hyperbolic
triaxial the hyperbolic parameters
responses model (get 1) (stiffness and
of the or friction
hyperbolic with oedometric angle}
model responses of
Rockfill the hyperbolic
model {set 2}

Table 1. Parameters calibration method for LG-2 case study.

No water effect is taken into account for the moraine due to
the material gradation (no particle crushing under stress
range considered) and the initially wet condition.
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For other materials, parameters describing water effects are
identified from dry and wet hyperbolic parameters

e ¢ from dry and wet friction angles;

. B and B from dry and wet stiffness (adjusted on volume
change of hyperbolic triaxial responses)

H I 0

i | i

Core  Tihensition E Rockfill
1]
;

g

¢

siga (kPa)
g
d *L\\
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[}
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a% SH o4 facd
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Figure 4. Oedometric test simulations - LG-2 materials -
Saturation under constant axial stress 3MPa.
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800G fmmmfrm -l ,! J ] 1-Trensition-
\ i
7 L~ Rockfil
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L9 5% s SN 0% 25% 5% L = L
epsa

Figure 5. Triaxial test simulations - LG-2 materials -
Confining pressure 1MPa - Saturation under constant axial
strain 5%.

On figure 4, saturation doesn't seem to influence odeometric
behavior of fillters. In fact, only a water effect on secant
angle of friction has been introduced. Material gradation
involves no particle crushing under stress range used.

NUMERICAL MODEL

Continuum medium equations

The coupled numerical model is based on Terzaghi theory and
on the principle of effective stresses (Bishop principle

Om=0p-Su) . The main eguations are given by the continuum

Problem B2 403



medium equations (traction is positive). The influence of
the air-phase is omitted.

= 3 -
Equilibrium equation : Vy0-((1-n)pe+nS pu)gey = 0
Mass-~conservation equation: npw$+3mwéhiadﬁ =0

The anisotropic Darcy law is introduced in the last term of
the mass-conservation equation. The retention and relative
permeablility curves are of Van-Genuchten/Mualem type in
unsaturated zones.

Numerical formulation for space and time discretization

The fully implicit Euler scheme and the Newton-Raphson method
are used for both mass-conservation and equilibrium
equations. Spatial integration is reduced. At each spatial
integration point, the elastoplastic model is written as an
ordinary differential equation. A five order explicit scheme
of Dormand&Prince with adaptative time sub~steps is used
(Bonelli 1993).

RESULTS AND DISCUSSIONS

Effective stresses

« The major principal effective stress is located in the base
of the upstream filter at the end of construction.

» The weigth of rockfill shoulders is partially transferred
to the adjacent filter zones due to the different
compressibilities of the various zones in the dam. Rockfill
shoulders are "hanging" on the core.

Figure 6. Principal effective stresses at the end of
construction (left) and at the end of impoundment (right).
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» During impounding, effective stresses are lower in the
upstream part of the dam due to the pore pressure
development. A load transfer occurs towards the core and the
downstream filter. Highest vertical effective stress is
located in the base of the downstream filter at the end of
impounding.

Pore pressure

« During construction, no pore pressure development occurs in
the core.

» The steady state is reached at the end of impounding. The
free surface is leocated along the downstream face of the

core.

Remark : the presence of air in the core is not considered.

T=881 Days T=883 Days T=886 Days T=810 Days T=1040 Days T=1280 Days

Nov 27 1978 Nov 29 1978 Dec 2 1978 Dec 26 1978 May 5 1979 Dec 31 1979
End of
impounding

Figure 7. Pore pressure in the core (MPa) - Evolution with

time during impoundment.

Displacements

»+ Settlements in the upstream shoulder during impounding

Considerable settlements occur in the upstream rockfill shell
due to the collapse phenomenon. Maximal settlements occuring
during impounding are about 50cm and are located in 2/3 of
the height of the dam, on the upstream face.
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Geometric scale -~ ———p
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Displacement scale - . pw

Figure 8. Displacement vectors during impounding (m)
(displacements = dis. at the end of impoudment - dis. at the end of construction) .

50m
Geometric scale ———
Displacement scale ~4—

1m

Figure 9. Deformed mesh
{displacements = dis. at the end of impoudment - dis. at the end of construction).

« Movements of the core during impounding

Initially the core was deflected towards the upstream side as
a consequence of the additionnal settlements in the submerged
parts of rockfill. When the water level was raised further,
beyond midheight of the dam, increasing water pressure
reversed the upstream movements so that finally, the core was
pressed downstream of its original posgition.

About vertical displacements, at first, the crest settles due
to the upstream shell collapse, then, in a second time,
buoyancy forces cause an unloading. Differential settlements
between the upstream side of the crest and the middle of the
crest during impoundment can be observed on figure 10.
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Figure 10. Displacement evolution with water level rise at

points P1l, P2 and P3, located on the crest.
(displacements = total dis. - dis. at the end of construction).

+ Comparisons between upstream shell and downstream shell
movements during impounding

Figure 11 allows tc perform comparisons between upstream and
downstream shell behavior during impoudment stage. Large and
quick settlements occur in upstream rockfill shoulder due to
collapse phenomenon. Then bucoyancy forces produce an
unleading after that the rockfill has been submerged. The
downstream shell settles continuocusly with water level rise
but displacements are smaller. These settlements are a
consequence of the stresses increase in downstream shell due
to leoad transfer during impouding. We can observe that
settlements increase when water level raises beyond midheight
of the dam, i.e. when unloading occurs in the upstream shell.
Horizontal displacements have an upstream direction on the
upstream side and a downstream direction on the downstream
side. Upstream movement is a consegquence of collapse
phenomenon in upstream shell. Downstream movement is due to
water load on the core.

« Differential settlements

Displacements along horizontal line HH (elevation = 100m)
show that differential settlements between upstream rockfill
and upstream filters are about 60cm. These differential
gsettlements can cause cracks in filters near the top of the
dam, where filter thickness is thin.
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Figure 11. Digplacement evolution with water level rise at
points Pl and P2, located at 100m elevation, respectively on

the upstream and downstream face of the dam.
(displacements = total dis. - dis. at the end of construction).
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Figure 12. Displacements along horizontal line H-H
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CONCLUDING REMARKS

The hydroplastic analysis of LG-2 rockfill dam during
impounding has cobtained large settlements in upstream shell
and a transverse displacement of the core (upstream then
downstream) . The key-point of this analysis was the
parameters calibration. Available datas were insufficient for
an accurate identification. Experimental dry-wet testg for
transitions and rockfill materials were required. The
parameters calibration wag made indirectly from hyperbelic
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parameters supplied. Neverthless, the whole set of results
obtained by the hydroplastic model were found to be in
accordance with in-situ results of LG-2Z dam. The collapse of
rockfill was well reproduced qgualitatively and
guantitatively. The hydroplastic model allowed to follow the
LG-2 behavior evolution during construction and impounding,

with one single set of parameters per material.
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EVALUATING SLIDING STABILITY ALCONG ROCK-CONCRETE INTERFACE:
HUNGRY HCORSE DAM CASE STUDY

G. Fernandez', E. de A. Gimenes', A. Abdulamit?, M. Maniaci®

ABSTRACT:

Foundations of concrete dams can be subjected to loading and
unlecading due to variations in reservoir levels and ambient
temperature during annual operation cycles, resulting in
changes in stressgs levels and joint openings. Case histories
where complete monitoring data on uplift pressuresg, dis-
placements and leakage rates are available can be used to
understand hydromechanical interaction in dam-foundation
systems and validate predictive numerical models. This paper
is focused on the application of discontinuous coupled hy-
dromechanical models to analyze the actual monitored behav-
ior of Hungry Horse Dam, owned and operated by the U.S. Bu-
reau of Reclamation. The dam has a detailed uplift pressure,
leakage rate and structure displacement monitoring system,
offering a complete case study to validate numerical analy-
ses. It is known that the mechanism of joint opening and
crack propagation at the foundation is governed by the re-
distribution of effective normal stresses along the dam-rock
interface triggered by reservoir filling. This stress redis-
tribution was simulated for Hungry Horse dam using a Dis-
tinct Element Method code (UDEC 3.0) and the significance of
various degrees of foundation drainage efficiency was evalu-
ated. The results indicated that the presence of effective
drains is important not only in maintaining a higher level
of effective normal stresses along the interface but also to
provide a more uniform shear stress distribution thus mini-
mizing the potential of progressive failure along the inter-
face.

INTRODUCTION

For the last twenty years, several research groups

(Quadros, 1982; Goodman et al., 1983; Celestino, 1983; Cui-
mardes, 1987; Kafritsas and Einstein, 1987; Lemos, 1987;
Amadei et al., 1990; EPRI, 1992; Kovari and Bergamin, 1994;
Cervenka, 1994; Fontana et al., 1997; Ebeling et al., 1997)

! Department of Civil and Environmental Engineering, University of Iilinois at Urbana-Champaign, IL
% Department of Hydraulic Structures, Technical University of Civil Engineering, Bucharest, Romania
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have been carrying out studies to understand the factors
controlling joint opening, uplift pressures and crack propa-
gation in concrete dams and their foundations due to a raise
in reserveoir levels. The majority of these studies was un-
dertaken to test models based on idealized field conditions.
Some studies reported on actual observed behavior of dam
foundations and a few elaborated on the main factors con-
trolling this behavior.

This paper presents coupled hydromechanical analyses to
simulate the mechanical-hydraulic interaction between joint
opening and effective normal stresses along the concrete-
rock interface of Hungry Horse dam. The geology of Hungry
Horse dam is well documented and its instrumentation in-
cludes complete measurements of foundation total heads along
the dam-rock interface, displacementg of the concrete struc-
ture and leakage rates. There are several features of this
dam including a grout curtain, the presence of discontinui-
ties within the rock foundation and some three-dimensional
(3-D} arching of water loads towards the dam abutment that
were not simulated in this first stage of modeling. A second
stage to simulate some of these features is currently being
carried out as part of a research effort to develop an inte-
grated procedure to analyze and interpret the structural be-
havior of concrete dams. Other case histories of well mapped
and adequately instrumented dam foundations with abundant
data on joint opening and crack propagation are also being
evaluated (Gimenes, 1999 in prep.; Gimenes et al., 1999).

GEOLOGIC CONDITIONS

Hungry Horse Dam is located on the South Fork of the Flat-
head River, around elevation 1000 m, in northwestern Mon-
tana, near Glacier National Park. It is an arch gravity
structure, built between 1948 and 1953, with a maximum
height of 197 m, and an average downstream batter of
0.6H:1V. At the time of its completion, it was the second
highest concrete dam in the world (Hungry Horse Powerplant,
1958) . The crest extends over a distance of 645 m between
the two abutments, along elevation 1087 m (Fig. la). The dam
has a slightly curved geometry and precooling of the con-
crete mass was carried out during construction to ensure
tight contact at the joints between blocks.

The high mountaing and ridges of the Hungry Horse area are
sedimentary rocks that were covered by two or possibly three
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sheets of glacial till of Quaternary Age. The dam is founded
on the Siyeh Limestone, a dolomitic impure limestone with
varying amounts of siliceous, argillaceous and dolomitic ma-
terials.

The dam site is cut by four well developed joint sets (fig-
ure la). Joints in the first two sets are relatively steep,
and strike/dip N45°W/53°SW, semi-parallel to the valley and
N63°E/80°SE, semi-perpendicular to the valley, respectively.
The joints are relatively continuous, often open and filled
with clay. Joints in the third set, which strike N38°E and
dip 80°NW, are less continuous and open than those in the
other two sets.

A fourth set of joints is associated with the bedding
planes, which strike N38°W, semi-parallel to the wvalley,
dipping gently 30°NE upstream. The thickness of the lime-
stone beds ranges from a couple of centimeters to a few me-
ters. The combination of the two main joint sets 1 and 2,
together with the bedding plane, isolate rock wedges below
the dam foundation which can displace under reservoir load-
ing. Weathering has been recognized along many of the joints
in the first 30 to 50 m below ground surface, gradually de-
creasing with depth.

During foundation excavation, several fracture zones associ-
ated with the steep joint sets were found mainly in the left
(i.e. south} abutment. Some of these zones were large enough
to require excavation of trenches for material removal and
execution of upstream and downstream cutoff shafts. A bed-
ding seam, developed by shearing of competent limestone beds
during mountain building and folding, was found in the left
abutment. The shear plane was filled with clay up to 10 cm
thick. It was decided to treat the seam by washing it with
high-pressure water to dislodge the clay and subsequently
grout the void.
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Figure 1. HUNGRY HORSE DAM. Plan view, location of instru-
mentation and total heads.

Period: April 1989 to October 1989. a) plan view; b) total

head curves; ¢) total head distributiong during reservoir

£illing; d) pool level and total heads during the period

MONITORED DAM BEHAVICR

At Hungry Horse Dam, standpipe piezometers, pendulum and
weirs were used to monitor uplift pressures at the dam-rock
interface and concrete structure displacements. Data ob-
tained from foundation monitoring are shown in Figures 1 and
2. The database of total heads is available in the litera-
ture (EPRI, 1992). Complementary data to assess leakage
rates and structure digplacements were obtained from unpub-
lished monitoring records (USBR, unpubl).
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Total Head Measgsurements at the interface joint

Total heads measured along the dam-rock interface at various
distances from the upstream are plotted against reservoir
levels for Block 19 (Figure 1b). Each plot is provided with
a 45° inclined line through the origin, which corresponds to
total heads in the discontinuities being equal to reservoir
levels. The vertical distance between the 45° line and the
total head curves provides quantitative information regard-
ing head losg and effective normal stress along the dam-rock
interface as the reserveoir is filled. The slope of the total
head curves reflects changes in permeability along the dam-
rock interface as the regervoir is filled. A steep change in
slope indicates a rapid increase in joint opening, concur-
rent with significant reductions of effective normal
stresses. Considerable hysteresis in total head curves takes
place due to a possible joint mismatch during reverse shear-
ing as the reservoir is lowered to the minimum level.

The point at which the total head curve exhibits a pro-
nounced change in slope provides an estimate of the critical
reservoir elevation at which significant hydromechanical in-
teraction begins to take place for a certain location. At
any reservoir elevation beyond this critical walue, the
vertical distance from the total head curves to the 45° line
(full reservoir head) provides a numerical estimate of the
minimum effective normal stress remaining at that location.

As shown in Figure 1b, four measurements (A, B, C and D)
were taken at various locations between the grout curtain
and drainage gallery. None of the total head curves of
points A, B, C, D reach the 45° line, indicating that a
positive effective normal stress remains in the upstream
portion of the dam-rock interface at maximum reservoir ele-
vation. At a given reservoir level, the points closer to the
upstream face show the higher total head values, indicating
a gradual loss of head away from the reservoir. The change
in the slope of curves A, B, C and D in Figure 1b shows the
various reservoir levels at which significant increases in
joint opening begin to take place at various locations away
from the dam face. It is important to note that in spite of
the joint opening shown by the slope changes, the effective
normal stresses remain positive at all these locations.
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The remaining measuring points (E, F, G, H, I) along the
interface are located downstream of the drainage gallery and
show no increase of total head and no slope changes as the
reservoir level increases. This behavior indicates the ef-
ficiency of the combined action of the grout curtain and
drainage gallery in practically eliminating uplift pres-
sures.
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Figure 2. HUNGRY HORSE DAM. Monitored dam crest displace-
ments and leakage rates.
Period: April 1984 to April 1985

Measured Digplacements and Flow Rates

Crest dam displacements and leakage rates for Hungry Horse
Dam are shown in Figure 2. The structure displaces upstream
with reservoir filling, due to dilation of the downstream
concrete slope during the hot summer months. This thermal
effect is commonly observed in dams with low fluctuations in
reservoir level. However, thermal effects do not seem to
affect the behavior of the dam-rock interface, where total
head curves exhibit a nonlinear shape controlled by reser-
voir elevation. Leakage rates in the gallery for Hungry
Horse Dam are also shown in Figure 2. Readings were only
taken four times a year, making it difficult to determine
the shape of the flow rate curve for this dam. Increasing
the frequency of these measurements could be beneficial for
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future investigations.

DISTINCT ELEMENT INCREMENTAL ANALYSIS

Introduction

The mechanical and hydraulic behavior of Hungry Horse Dam
and its foundation was analyzed with the Distinct Element
Method code UDEC 3.0 {(Itasca, 1996). Two main capabilities
were considered in selecting this numerical code: a) the ca-
pability to handle changes in fracture permeability due to
changes in effective normal stresses as the reservoir eleva-
tion is incrementally raised; and b) the capability to geo-
metrically reproduce the existing irregular topography of
the dam-rock interface. The model was tested by analyzing
laboratory tests on irregular and planar joints with discus-
sion of results presented in the appendix.

The analysis of the dam-rock interface was carried out con-
sidering three cases: (1) no uplift pressures; (2} uplift
along the dam-rock interface with 100% drain efficiency and
(3) uplift along the dam-rock interface with 0% drain effi-
ciency. In case 1, only the effect of mechanical loads due
to the reservoir are taken into account. In cases 2 and 3,
in addition to the reservoir loads, the coupled effect of
seepage and resulting uplift pressures along the dam-rock
interface are included. Cases 2 and 3 are lower and upper
bounds for the effect of uplift pressures, respectively.

An advantage of this modeling approach is that the effect of
seepage along the interface does not need to be given as an
input of external forces acting at the base of the dam. In-
stead, the distribution of pore pressures is a result from
the analyses and depends on the hydraulic-mechanical parame-
ters along the dam-rock interface, as well as the drain ef-
ficiency and the relative stiffness of the dam and its foun-

dation.

The objective is to simulate the concrete-rock interface be-
havior during reservoir filling by incrementally increasing
the water thrust on the dam and rock surface upstream, while
concurrently increasing pore pressures at the heel of the
dam. This incremental approach allows to evaluate the factor
of safety against sliding at the end of each step and to
estimate the flood level at which failure is imminent
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(ICOLD, 1999). The condition of imminent failure is defined
by determining the reservoir elevation at which the factox
of safety against sliding approaches unity.

Dam Model Description and Computation Steps

A simplified two-dimensional distinct element model was de-
veloped to simulate the dam and rock foundation which are
agsumed to be elastic deformable masses separated by a sin-
gle joint at the dam-rock interface. It is assumed that the
interface joint conducts all the flow.

Both dam and foundation are discretized in a finite differ-
ence mesh to compute internal stresses and deformations. A
higher degree of discretization is applied around the inter-
face joint where the water flow is concentrated and hydrome-
chanical interaction is expected. Model geometry and bound-
ary conditions are indicated in Figure 3a. Model boundaries
are placed at a horizontal distance from the structural
equivalent to 2 to 3 times the height of the dam to avoid
stress perturbations. Mechanical boundary conditions (Figure
3b) include fixing the bottom boundary of the model and al-
lowing movement only in the vertical direction along lateral
boundaries. Hydraulic boundary conditions include imperme-
able lateral and bottom boundaries. At each incremental
loading stage, water loads are applied to the dam and rock
surface upstream while concurrently applying corresponding
reservoir pressures at the heel of the dam. Water pressures
corresponding to the tailrace elevations are applied at the
toe of the dam. In the case of 100% drain efficiency, atmos-
pheric pressure was prescribed at the outlet of the drain,
inside the drainage gallery.

The analyses were carried out in two stages (Figure 3b).
Stage one corresponds to dam construction, while stage two
includes the incremental raising of reservoir levels. The
weilght of the underlying rock is neglected in this model be-
cause no other main discontinuities are included in the rock
foundation. During the first stage, stresses within the dam
and foundation are generated by the weight of the dam. Re-
sulting joint closures are controlled by the compressibility
of the interface joint. During the second loading stage, ad-
ditional stresses are generated by the application of water
locads on the dam and foundation. Coupled hydromechanical
computations are concurrently carried out to estimate the
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corresponding uplift pressures and flow rates along the in-
terface joint.
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Figure 3 - HUNGRY HORSE DAM. Distinct Element Model.
a) finite difference discretization of dam-foundation system
b) stages for incremental analysis

Mechanical and Hvdraulic Properties of Pertinent Materials

Mechanical and hydraulic properties of the concrete, rock
mass and dam-rock interface are given in Table 1. Properties
are assumed to be equal throughout the domain in all compu-
tation steps. Rock and concrete are assumed to be homogene-
ous, isotropic, impervious materials characterized by elas-
tic parameters, since internal stress levels are a fraction
of their unconfined strength. The dam-rock interface joint
is assumed to be permeable, with stress dependent permeabil-
ity characterized by mechanical and hydraulic parameters.
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Joint compressibility and permeability are governed by the
nonlinear relationship between mechanical aperture and ef-
fective normal stress (Alvarez et al., 1995) shown in Figure
4a. During loading, significant joint closure takes place at
low values of effective normal stresses. However, the magni-
tude of the closure per unit of stress decreases signifi-
cantly as the stress level increases. The above relationship
was assumed to be linear for the unloading condition allow-
ing an increase in joint opening rate before reaching a zero
effective normal stress condition.
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Figure 4. HUNGRY HORSE DAM. Mechanical and hydraulic
properties for the dam-rock interface.

A one to one correspondence between hydraulic apertures and
joint opening (coefficient f) was assumed prior to the
critical point where an increased rate of joint opening
takes place, as shown in Figure 4b. Beyond this critical

point the maximum hydraulic aperture was limited to 1800 pm.
To simulate the effect of 100 % drain efficiency, drains
were modeled as high stiffness fractures, to minimize dis-
placements during loading. Hydraulic apertures of drainage
fractures were gimilar to those of the dam-rock interface.
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Table 1. Mechanical and Hydraulic Parameters for Dam

Model

INTACT ELASTIC RCCK CONCRETE UNITS
BLOCEKS
Unit Weight 0 24 KN /m’®
Shear Modulus 8000 8300 MPa
Bulk Modulus 13300 11100 MPa
Young’s Modulus 20000 20000 MPa
Poisson’s Ratio 0.25 0.20
JOINT MECHANICAL DAM-ROCK DRATNS UNITS
PROPERTIES INTERFACE
Tensile Strength 0 MPa
Cohesion Intercept 0 MPa
Friction Angle 40 40 0
Dilation Angle 0 0 ¢
Initial Normal Stiffness 9000 100000 MPa/m
Maximum Joint Closure 200 50 pm
Shear Stiffness 2000 100000 MPa/m
JOINT HYDRAULIC DAM-ROCK DRAINS UNITS
PROPERTIES - INTERFACE
Initial Hydraulic Aperture 1800 1800 pum
Residual Hydraulic Aperture 10 10 um
Coefficient £ 1.0 1.0

Discussions of Dam Model Regults

Pore pressures, effective normal stresses,

leakage rates,

interface joint opening and structure displacements were
computed with the numerical model and were compared to
measured values at several locations along the interface.

These values are presented in Figures 5 to 7,

3, regpectively.

for cases 1 to

The estimated values of key parameters are plotted in Fig-
ures Sa to 7d against reservoir levels, in the same format
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used to report the monitored data. Computed values of
stresses and displacements along the interface are shown in
Figures 5e to 79, in a format typical of coupled hydrome-
chanical laboratory test results.

The full scale behavior of the dam-foundation system can be
explained by evaluating the values of key parameters along
the interface for different reservoir levels. At point B,
located upstream of the drainage gallery, the effective
stress decreases rapidly as the reservoir level rises,
reaching nil values beyond a reservoir elevation of 1070 m
{(Figures 5b, 6b, 7b). Concurrently, the computed joint open-
ing at these locations shows a large increase at the 1070 m
reservolir elevation. This behavior corresponds well with the
sharp increase in pore pressures measured at 1070 m reser-
voir elevation. On the other hand, effective normal stressges
increase as the reservoir level rises and follow the nonlin-
ear loading portion of the joint compressibility curve at
the downstream of the dam (Point I in Figures 5f, 6f, 7f).

For the case of 0% drain efficiency (Figure 7a) computed
values of pore pressures near the upstream toe {(Points B, E)
increase almost parallel to the 45° line asg the reservoir
level rises, indicating very low head losses in this area of
the interface. Concurrently, the pore pressures computed
near the downstream toe (Point I} show a significant lower
value. Model simulation indicates that drain efficiency
(100%) reduces the magnitude and the rate of increase of
pore pressures along the entire interface as the resgervoir
level rises (Figure 6a}. However, computed pore pressure
values for 100% efficiency are still highexr than measured
values and do not exhibit the sharp increase in the slope
shown by the measured data around a reservoir level of
1070m. This difference may be due to the effect of the grout
curtain, the presence of foundation fractures and/or the
three-dimensional load distribution towards the dam
abutments, which were not simulated in the model.

Computed flow rates for cases 2 and 3 exhibit an almost lin-
ear relationship with reservoir levels {(Figures 6c, 7c).
However, measured flow rates exhibit a nonlinear dependency
on reservoir levels and are significantly lower than com-
puted flows. Modifications in the calibration process are
presently being implemented to improve this condition. The
increase in drain efficiency to 100% divides the flow along
the interface. The difference in flow rates between Point B,
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upstream of the drainage gallery, and Point I, at the down-
stream toe, corresponds to the flow rate diverted to the
drains.
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Figure 5. HUNGRY HORSE DAM. Distinct element incremental
analysis. Case 1 - No uplift pressures along the interface
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Increased drain efficiency or absence of uplift pressures
can reduce computed structure displacements considerably,
especially at higher reservoir levels (Figures 5d, 6d, 7d).
Thermal effects could explain the difference between the
trend of measured and computed displacements with respect to
reservoir levels.

Stress paths followed by points B, E and I along the dam-
rock interface during reservoir filling are shown in Figures
5e, 6e, 7e. As the reservoir level increases, points in the
upstream zone typically undergo a reduction in effective
normal stresses. All points experience an increase in shear
stress as the reservoir level increases. The upstream points
B and E reach the failure envelope below maximum reservoir
elevation and displace along the failure envelope towards
the origin. On the other hand, at Point I, at the downstream
toe, effective normal and shear stresses always increase as
the reservoir levels rise. The increase is almost linear for
the case of no uplift pressures along the interface. How-
ever, the increase in shear stress at Point I becomes non-
linear and gradually accelerates towards the failure enve-
lope as drain efficiency decreases.

A progressive reduction of factor of safety against sliding
was computed as the reservoir elevations increased until a
marginal condition was reached. Computed factors of safety
along the dam-rock interface are shown in Figures 5h, 6h,
7h. A computed imminent failure flood level for 0% drain ef-
ficiency was estimated at 1089 m (2 m above the crest eleva-
tion) . The case of 100% drain efficiency would increase the
factor of safety to 1.24 at a reservoir elevation of 1089 m.
If uplift pressures are not considered at all increases the
factors of safety increases to 2.19 for the elevation 1089
m.

Distribution of stresges and openings along the interface

Computed distributions of stresses, pore pressures and rela-
tive joint openings along the interface are shown in Figure
8 for maximum operating level (El. 1082.3 m}. Relative joint
openings refer to a benchmark aperture corresponding to zero
effective normal stresses across the joint. Thus “closed”
joints have positive hydraulic apertures being capable of
conducting water and experiencing pore pressures along their
suxrface.
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Figure 8. HUNGRY HORSE DAM. Distributions at normal maximum
level (Elevation 1082.3 m}) for cases 2 (100% drain effi-
ciency) and 3 (0% efficlency): a}) effective normal and shear
stresses; b) pore pressures; c¢) relative joint openings

The effective normal and shear stress distributions along
the interface (Figure 8a) indicate stress concentrations
around the geometrical irregularity at point D, in the up-
_stream zone. High stress values are also shown at the toe
{(Point I) and are due to the reservoir-induced stress redis-
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tribution along the interface. Points close to the heel of
the dam are at zero effective normal and shear stresses. In-
creased drain efficiency is responsible for a more uniform
stress distribution along the interface thus minimizing the
potential for progressive failure at highly stressed points
and enhancing the stability against sliding.

Computed uplift pressures decrease linearly across the in-
terface for the case of 0% drain efficiency {(Figure 8b). Up-
lift pressures decrease more rapidly across the interface
with 100% drain efficiency, with a sharp drop at the drain
location. The uplift force, which is equal to the area under
the pore pressure distribution, is reduced by approximately
1/3 due to drain efficiency. Computed and measured pore
pressure distributions along the interface show a similar
trend in the reduction of pore pressures away from the res-
ervoir. However, the measured values of pore pressures were
significantly lower than the values computed in the model.
This difference can be explained by the presence of the
grout curtain, the 3-D load load arching towards the dam
abutments and/or the presence of foundation fractures which
were not simulated in the model.

In the upstream zone, relative joint openings decrease from
S mm to 2 mm with increase drain efficiency {(Figure 8c). The
portion of the interface where positive joint openings were
computed (“cracked” zones) extends only within the first 15
- 20% of the dam-rock interface. However, even in the case
of 0% drain efficiency, the magnitude uplift pressures in
these zones does not reach full reservoir heads, in contrast
to the prescribed design guidelines (FERC, 1991} in current
engineering practice.

Smoothened stress distributions

The effect of stress concentrationg on factors of safety and
imminent failure levels was investigated by smoothening
contact normal and shear stresses around geometrical
irregularities along the dam-rock interface at different
resexrvoixr elevations.

The imminent failure Ilevels were slightly lower than the
levels computed without smoothened stress distributions. The
imminent failure flood levels were estimated at elevations
below the dam crest, between 1070 and 1082 m, for 0% and
100% drain efficiency, respectively.
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The computed factors of safety were also reduced 25-40% of
the nominal wvalues estimated without smoothened stress
distributions. The factor of safety corresponding to maximum
operating reservoir elevation assuming 100% drain efficiency
changed from 1.24 to 0.95, which would result in an unstable
condition. This prediction obviously does not correspond to
the actual dam behavior, which has shown an adequate
structural behavior at maximum operating levels.

SUMMARY AND CONCLUSIONS

This paper is focused on the application of discontinuous
coupled hydromechanical models to analyze the concrete-rock
interface of Hungry Horse Dam. A two-dimensional Distinct
Element Model was developed using the computer code UDEC 3.0
for a cross section at block 19 of the dam. The effects of
changes in fracture permeability induced by changes in ef-
fective stresses and shear displacements along the dam-rock
interface were taken into account in the model. One of the
objectives was also to estimate the flood level at which
sliding failure is imminent (factor of safety equal to one}.

Main resultgs of the analyses are summarized in Figure 9 con-
sidering three cases: (1) no uplift pressures; (2) uplift
along the dam-rock interface with 100% drain efficiency and
(3} uplift along the dam-rock interface with 0% drain effi-
cliency. :

The imminent failure flood level for Hungry Horse Dam, for a
0% drain efficiency was estimated at Elevation 1089 m (2 m
above crest level). With 100% drain efficiency the factor of
safety increases to 1.24. Factors of safety and imminent
failure flood levels were also estimated with smoothened
normal and shear stress distributions. The factor of safety
at maximum operating reservoir elevation assuming a 100%
drain efficiency resulted in an unstable condition (0.95}.
This prediction obviously does not correspond to the actual
dam behavior, which has shown an adequate structural
behavior at maximum operating levels. '

A graphical representation of the influence of the uplift
pressure on the change of effective normal stress along the
interface as the reservoir level increases is shown in Fi-
gure 9a, for Points B and E. The normal stress at Point B,
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assuming no uplift pressures, is compared with the
corresponding normal stress with 0% drain efficiency. A
similar comparison is also shown for point E, slightly
downstream of the drainage gallery.

Reduction in effective normal stresses results from the
overturning moment as well as the development of pore pres-
sures along the dam-rock interface. It is important to em-
phasize that uplift pressures not only directly reduce the
effective normal stresses along the interface but also con-
tribute to increase the overturning moment. The contribution
of these phenomena is shown by the vertical distance u* be-
tween the effective normal stress curves corresponding to
cages 1 and 3 {Figure 9%9a) which shows that the reduction of
effective normal stress induced by pore pressure becomes in-
creasingly significant ag the reservoir level rises.

The study alsco showed the efficiency of the draing in main-
taining a higher level of effective normal stresses. High
drain efficiency also results in relatively uniform shear
stress distributions along the interface, minimizing the po-
tential for progressive failure along highly stressed con-
tact zones.
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Figure 9. HUNGRY HORSE DAM. Summary of results for cases 1
(no uplift), 2 (100% drain efficiency) and 3 (0% drain effi-
ciency): a) effective normal stresses at points B and E b)
pore pressures at point B ¢) pore pressures at point E d)
flow rates and joint openings e) crest displacements f) im-
minent failure flood level.

An advantage of this modeling approach is that the effect of
seepage along the interface does not need to be given as an
input of external forces acting at the base of the dam. In-
stead, the distribution of pore pressures is given by the
analyses and depends on the hydraulic and mechanical parame-
ters along the dam-rock interface, as well as the drain ef-
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ficiency and the relative stiffness of the dam and itsg foun-
dation.

Another advantage of the modeling approach is the possibil-
ity to incorporate existing mapped discontinuities (faults,
fractures and joints) in the dam foundation. This is a fun-
damental premise, which is site specific if faults, frac-
tures and shear zones are appropriately identified. The ef-
fect of treatment of these features can also be simulated.

A comparison of computed and measured pore pressures along
the interface indicates a close correspondence in the ten-
dency for the reduction of pore pressures downstream of the
reservoir. However, the magnitudes of the computed pore
pressures are slightly higher than the measured cnes. In
addition, computed leakage rates are at least an order of
magnitude larger than measured values.

In our opinion, the main causes of discrepancy between
actual behavior and behavior predicted in the numerical
analyses can be summarized as follows:

1) the grout curtain installed at the heel of the dam was
not simulated in the model;

2) the 3-D arching of water loads towards the dam abutments
was not reproduced. Because the arched geometry of the
dam and the pre-cooling of the concrete mass this effect
can be of some significance;

3} the present simplified model considered the bedrock as a
relatively impermeable elastic mass without taking into
account the presence of discontinuities; and

4) the degree of finite difference mesh refinement along the
dam-rock interface affects the distributions of contact
stresses, pore water pressures and joint openings. Thus,
increasing mesh refinement could improve model
predictions.

Continuing efforts are presently being carried out to en-
hance modeling capabilities and improve simulation of in
situ conditions.
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APPENDIX

Laboratexry Shear Test Model

As a first step for the validation of the dam model, results
from laboratory direct shear tests were analyzed using UDEC
3.0. The geometry, material propertieg, and boundary condi-
tions of the laboratory test model corresgpond to those used
by Patton (1966) in his experiments on artificial joints
molded out of plaster of Paris.
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Patton tested both planar and irregular joints in the labo-
ratory (Figure 10a). The samples consisted of two halves 25
mm high by 75 mm long. Irregular joint samples were molded
with two 5 mm high teeth, inclined 35° with the horizontal
direction. During the test, shearing loads, horizontal and
vertical displacements were monitored. Properties for the
block material and joint are summarized in Table 2.

Table 2. Mechanical properties for laboratory tests

INTACT RIGID
BLOCKS PLp;S};rRFIRS o UNITS
Unit Weight 10.7 KN/m®
Shear Modulus N/A MPa
Bulk Modulus N/A MPa
Young'’'s Modulus N/a MPa
Poisson’s Ratio N/A
MECHANTCAL PROPERTIES JOINT UNITS
Tensile Strength 0 MPa
Cohesion Intercept 0 MPa
Friction Angle 31 0
Dilation Angle 0 0
Initial Normal Stiffness 9000 MPa/m
Maximum Joint Closure 200 pm
Shear Stiffness 2000 MPa/m

Measured and computed values of shear strength of planar and
irregular joints are in good agreement up to a normal load
of approximately 720 N (Figure 10b). For normal loads above
that level, irregular joint samples start shearing the in-
tact material at the base of the teeth., The numerical model
is not following the same behavior beyond that normal load
because the blocks were assumed to be rigid and thus it is
only possible to ride the irregularities.

Measured and computed shear load-displacement and joint di-
lation curves are shown in Figure 10c¢ for a normal load of
471.5 N. Measured values for peak and residual shear
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strength agree with the shear strength computed for irregu-
lar and planar joints, respectively. The computed shear
strength is constant with horizontal displacement because
the top block is sliding along the teeth, therefore computed
vertical displacements increase gradually as sliding takes
place. Measured shear loads decrease with horizontal dis-
placement due to shearing of irregularities above the base
of the teeth. Also, because the irregular joint ig actually
being sheared, measured vertical displacement is different
than the computed value. However, the overall behavior of
the numerical model resembles the known behavior of real
fractures during shearing at low normal loads and thus can
be used to simulate sliding along an irregular dam-rock in-
terface.
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Figure 10 - Shear test on joints (after Patton, 1966).
Laboratory test model results.
a) sample geometries; b) joint shear strength;
¢) joint dilation and joint deformability curves
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SEISMIC STRENGTHENING OF CONCRETE GRAVITY DAMS

Hongyuan Zhang® and Tatsuo Ohmachi?

ABSTRACT

Concrete gravity dams designed in compliance with the present
specification are likely to experience cracking under intense
shaking like maximum credible earthquakes. Dangerous cracking
in dam body should be prevented in advance to ensure the
serviceability of dams. In this paper, some measures to prevent
cracking of concrete gravity dams are presented. The measures
are, for example, adjustment of dam section, local reinforcement
and post-tension technique. The adjustment of dam section will
reduce the tensile gstress in dam body and avoid the occurrence
of cracking. Local reinforcement at possible cracking positions
is expected to resist the propagation of cracks and reduce the
damage of dam body, although it wmight not prevent the initial
cracking. Post-tension technique exerts pre-compressive stress
in dams to offset the tensile stress during earthgquakes. Effects
of these measures are evaluated by numerical simulation. It is
shown that these measures could improve the cracking-resistant
behavior of concrete gravity dams effectively.

INTRODUCTION

Concrete dams should be designed to resist two levels of
earthquakes: level one is design base earthquake and level two
ig maximum credible earthquake. Although there are only a few
examples of earthquake-induced damage in concrete dams {(Hall,
1988}, this fact could not give us the confidence regarding the
safety of concrete dams since concrete dams have rarely
experienced intensive earthqguake excitations. The tremendous
damage caused by the 1995 Hyogoken-nanbu earthquake demonstrated
that the earthquake resistance of structures designed in
compliance with the present specification is insufficient under
near-field earthquakes, so the dam safety under intensive
excitations must be evaluated carefully.

Because concrete can not sustain highly tensile stress, concrete

'Dr. Eng., Department of Built Environment, Tokyo Institute of
Technology, 4259, Nagatsuda, Midori-ku, Yokohama 226-

8502, JAPAN

2Dr. Eng., Professor, ditto
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gravity dams are likely to experience cracking during large
earthguakes. Once cracking occurs, it will propagate deeply
inside the dam body. Even though cracks in dam body do not imply
the failure of dam immediately, they represent the defects that
alter the structural resistance and may lead to failure of dam
body. So the cracking of concrete is an important factor in the
gsafety evaluation of gravity dams and any possible cracking in
dam body should be prevented in advance to ensure the dam safety
under large earthguakes.

This study dealg with geismic strengthening of concrete gravity
dams. Finite element method with the smeared crack model is used
to predict the cracking pogition and extent in dam body under
large earthquakes. Some possible measures to prevent the
cracking of dam body are considered. These measures are, for
example, adjustment of dam section, local reinforcement and
post-tension technigue. A concrete gravity dam designed in
compliance with the present specification is taken as an example
and the effect of strengthening measures is checked by numerical
examples.

SEISMIC CRACKING IN CONCRETE GRAVITY DAMS
sumpt i i

A 102"-high concrete gravity dam designed in compliance with the
present specification is supposed as an example to analyze
cracking of dam body under large earthquakes. The cross-section
of the dam-reservoir system is shown in Figure 1. The nonlinear
finite element method with the smeared crack model is used to
simulate the seismic cracking procedure in the dam body
(Zhang,1998) . In the calculation, dam body is idealized as a
two-dimensional one rested on a rigid foundation. Hydrodynamic
pressure on the upstream face of dam is represented by an added
mass technigue according to Westergaad’s formula.

The material properties of dam concrete are listed in Table 1.
Fracture energy of dam concrete can not be determined accurately
from experimental results and it is generally considered to be
in the range of 175 ~ 310N/m (Bhattacharjee, 1992). For dynamic
calculation, the elastic modulus, strength and fracture energy
of concrete are increased by 10% to account approximately for
the strain rate effect.

The Pacoima dam basement record in the 1994 Northridge earthquake
is scaled to have a maximum acceleration of 300cm/s? as the input
ground motion in this study, as shown in Figure 2. In this recoxd,
the duration of intensive shaking is very short and the intensive’
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shaking just has several pulses. These features show that it is
a typical near-field earthquake record. Furthermore, as it is
observed at an existing dam site, the record containing

characteristics of dam site seems appropriate for the present

analysis.

e
P
E
[ ]
o
ra
v - - A
|lOm| 8l.6m |
17 7
Figure 1. Concrete gravity dam
Table.1. Material properties cof dam concrete
Elastic modulus 25000MPa
Poisson ratio 0.2
Density 2400kg/w’
Tensile strength 2.0MPa
Compressive strength 20.0MPa
0.05

Damping ratio
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Figure 2. Input ground motion

Seismic Response of Dam Bodv

Under the intensive excitation as shown in Figure 2, cracking
occurs in the dam body. The displacement response at dam crest
is shown in Figure 3. Cracking state of dam body at several
selected times is shown in Figure 4, in which the cracked elements
are represented by dots at the element centers. According to the
calculation results, cracking initiates at the dam heel at 3.51s
and propagates along the dam base until 3.59s. At 4.37s, when
the dam crest shows its maximum displacement in the upstream
direction, cracking occurs on the downstream face and develops
ingide the dam body in the direction perpendicular to the
downstream face. But when the dam begins to swing towards the
downstream direction at 3.71s, the cracking propagation at the
downstream face stops sooner. At 4.51s, new cracking occurs at
the discontinuity of upstream face and propagates in the
horizontal direction until 4.53s.

Although earthquake-induced tensile stress in the dam body is
local and transient, it will still cause severe cracking of dam
body due to the brittle behavior of concrete.

(3]
f=]

(%)

3
3.51s

95 4515
s /\ [\ ﬂ A I /\U/\U/\/\ e NAMAAANANNAA S A

T
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Figure 3. Response of dam crest

440

ICOLD Fifth Benchmark Workshop



ANESENAS|

A
A

Jiviv 7
&7 {5

t=3.51 sec : t=4.37 sec

%L géi
™
/1
\“‘:
> ‘ 2
13 4T
%
7
/|
y ,'5“3‘” /
v
I
/|
AN

< (N 7

t=4.51 sec t=4.53 sec

Figure 4. Cracking of dam body

SEISMIC STRENGTHENING OF CONCRETE GRAVITY DAMS

Especially. after the 1995 Hyogoken-nanbu earthgquake, the safety
of concrete gravity dams under near-field earthquakes is amatter
of concern in Japan. This is partly because concrete gravity dams
designed in cowpliance with the present specification will
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experience tensile stress under near-field earthquakes and
partly because the tensile stress might cause severe cracking
of dam body. Hence, practical measures must be adopted to ensure
the safety of dam body under near-field earthquakes.

Add mern am ion

During earthquakes, tensile stress in the dam body is caused by
water pressure on the upstream face and inertia force of dambody.
These forces are not only dependent on the ground motion but also
dependent on the profile of the dam. For example, hydrostatic
pressure depends on the gradient of upstream face. For vertical
upstream face, the hydrostatic pressure is horizontal and most
unfavorable. Inclined upstream face can reduce the hydrostatic
pressure in the horizontal direction and the vertical component
of hydrostatic pressure on the inclined upstream face is
favorable to the safety of dam body. On the other hand, sudden
slope change of dam face will lead to stress localization at the
discontinuity and severe cracking might occur there under
intensive earthquakes. Hence abrupt change in dam face slope
should be avoided.

Based on the above consideration, we can adjust the dam profile
to reduce tensile stress in the dam body. For the dam section
shown in Figure 1, a gentler upstream slope could reduce the
tensile stress at the heel of dam body. At the same time, the
slope should transit smoothly to the vertical part of upstream
face to avoid stress localization at discontinuity. From this
point of view, a sultable upstream sglope is shown in Figure 5.
The fillet slope near the heel is gentler than that of original
dam but it becomes steeper gradually and transits smoothly to
the vertical part of upstream face.

With the modified profile shown in Figure 5, seismic response
of the dam is calculated similarly. There is no cracking occurred
in the dam body during the earthguake. To investigate the effect
of section modification, linear earthguake response of dam body
with the original and modified section is compared. The maximum
tensile stresses at the heel, upstream discontinuity and on the
downstream face for the two sections are compared in Table 2.
It can be seen that the improvement of the fillet slope evidently
reduces tensile stress at the heel as well as at the upstream
discontinuity. Ag for the tensile stress on the downstream face,
it is lower than the tensile strenath of concrete even in the
original section for the linear response.

The above example demonstrates that tensile stress in the dam
body is dependent on the dam profile, and that a suitable shape
of upstream slope can help us to keep tensile stress at lower
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level even under large earthquakes. Thus, the option of dam
profile is a very important factor in the design of concrete
gravity dams in order to increase the earthquake-resistant
capacity of dam bedy.

modified section

______ original section

Figure 5. Modified profile of dam secticn

Table 2. Comparison of maximum tensile stress (MPa)

original shape wmodified shape

heel 3.27 1.98
upstream disceontinuity 2.37 1.92
downstream face 1.90 1.85

Local reinforcement

Reinforcing steel is widely used in the modern construction of
concrete structures, including concrete gravity dams to improve
the cracking-resistant behavior of dam body. Effects of
reinforcing steel on preventing cracks in concrete gravity dams
are discussed here. From economical point of view, gteel bars
are usually allocated at possible cracking regions only. As an
example, the reinforcing region is illustrated by cross marks
in Figure 6.

In the analysis of reinforced concrete, bond slip between
concrete and steel is disregarded, and the reinforcement bars’

Poster' Session 443



SN

/\‘
oY

RN A
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are smeared throughout the concrete element (Suidan, 1973). The
property of steel can be expressed as

p. O 0
D=Ej0 p, 0 (1)
0O 0 0

in which E, is the elasticity modulus of steel, and p, and p,

are the median ratios of steel bars in the x and y directions.
This property will be added to that of concrete to represent the
mixed property of reinforced concrete.

The elasticity modulus of steel is generally 200000MPa. In this
example, the diameter of steel bars is taken as 50mm and the
maximum aggregate size of concrete is assumed to be 120mm. The
pure interval between steel bars, which should be larger than
1.5 times of the maximum aggregate size of concrete, is set to
200mm here. Then the median ratios of steel are 0.0314 in the
»% and v directions.

Based on the above assumption, seismic response of the reinforced
dam is calculated. With the local reinforcement, cracking does
not occur at the upstream discontinuity, but occurs along the
dam base during the earthquake, as shown in Figure 7. According
to Table 2 showing linear calculation results for the plain
concrete dam, the maximum tensile stress at the upstream
discontinuity is a little higher than the strength of concrete,
but the maximum tensile stress at the heel is much higher than -
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the strength. Consequently, adding the steel bars cannot prevent
the occurrence of cracking due to the tensile stress. On the other
hand, the cracking region along the dam base in the case with
steel bars is smaller than that in the case without steel bars,
showing that adding the steel bars is effective to prevent
propagation of cracks.

/|
AN % % AAAANAN
/N
I
\ N,
Eala /|
NN A
7P,
FANL4 AAAAA

Figure 7. Cracking of dam with local reinforcement

According to the linear calculation result, tensile stress
exceeding the strength of concrete along the dam base develops
in a small region neaxr the heel, as shown in Figure 8. But because
of the brittle feature of plain concrete, the occurrence of
cracking causes stress redistribution in the structure. The
stress redistribution leads to the propagation of crack, and the
highly tensile stresg in a small region near the heel will cause
large cracking region along the base of the plain concrete dam.
Reinforcing the possible cracking region by steel bars could
resist the stress redistribution and reduces crack propagation.
As a result, the cracking region can be limited by reinforcing
with steel bars.

Although earthquake-induced cracking should be prevented, if
possible, to ensure linear response of dam body under maximum
credible earthquakes is sometimes too expensive or impossible.
In such a case, localized cracking of concrete may be accepted
under maximum credible earthquakes if the cracking is far from
endangering the integrity and safety of dam body (USBOR, 1977).
From this viewpoint, local reinforcement is an effective method
for the seismic strengthening of concrete gravity dams.
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Figure 8. Distribution of tensile stress(MPa)

Post-tension technigue

Post-tension technique is an effective method to improve the load
carrying capability of concrete structures and it is already
applied to concrete gravity dams to rehabilitate earthquake-
induced cracking. For the seismic strengthening of concrete
gravity damg, the reasonable arrangement of cables and the
adequate post-tension forces must be carefully determined by
numerical simulation, to ensure the dam safety against cracking.
Generally, post-tension cables should be arranged in the
direction perpendicular to the possible cracking. For the
concrete gravity dam shown in Figure 1, horizontal cracking will
occur at the heel and/or upstream discontinuity during the
near-field earthquake, as predicted in nonlinear analysis. Thus
cables to prevent the upstream cracking are arranged in the
vertical direction. As for the downstream cracking, because the
tensile stress on the downstream face is lower than the tensile
strength of concrete for the linear response of dam body, the
downstream cracking will not occur if the upstream cracking is
prevented. Sc the post-tension cables are just considered to
prevent the upstréam cracking.

The requirement of post-tension force must be evaluated
carefully because over-strengthening might cause cracking of the
dam body. To check the effect of strengthening, seismic response
of the post-tensioned dam is simulated by the finite element
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method. Initial tension force in cables is simulated as
concentrated load at the anchorage. Cables are modeled as truss
elements which have axial stiffness only {Leger, 1994} . The
amount of cables, their location and post-tension force are
adjusted until the scheme satisfies the objective of allowing
no cracks in the dam body during the earthquake.

A post-tension configuration to prevent cracking of dam body
under the earthquake is shown in Figure 9. The diameter of the
cables is 63mm. Four cables are densely arranged near the heel
of dam body because highly tensile stress will occur there during
the earthquake. The post-tension forces in the cables are listed
in Table 3. Frowm P1 to P4, the post-tension force reduces
gradually to avoid over-strengthening.

The difference between the post-tension technique and other
strengthening method is that the post-tension force is applied
to the dam body as external force. Because of this, the
post-tension scheme needs to take into consideration of the
structural resistance, in order not to endanger the safety of
dam body.

(Tgallery'

P1 —- P&

Figure 9. Post-tension configuration

Table 3. Post-tension forces in the cables (kN)

Pl P2 P3 P4 PS =1

2500 2000 1500 1000 2000 2000
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CONCLUSION 51

To improve the dam gafety under very strong earthquakes, seismic
strengthening of concrete gravity dams is discussed in this paper. -3
Numerical simulation shows that the suggested measures are '
effective to prevent the occurrence and propagation of cracking
in concrete gravity dams. Conclusions can be listed as follows. =
{1) Concrete gravity dams are likely to experience cracking under '
intensive excitations, especially at the heel of dam bedy and
upstream discontinuity. 5
(2} A gentle and smooth upstream face could reduce the tengile
stress in the dam body and aveid the occurrence of cracking.
{(3) Reinforcing bars cannot prevent the occurrence of cracking
under highly tensile stress, but it can resist the propagation
of cracks and reduce the damage of dam body.

{4) Post-tension cables can strengthen the dam body effectively,
if it is adeguately designed.
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DEFORMATION ANALYSIS OF THE BAISHAN ARCH DAM
ZHANG Jinping, CHEN Zhonghua, LI Libing1
ABSTRACT

In this paper the observed displacements of the Baishan
Arch Dam are analyzed using distribution model. In the
model for 1D displacement distribution, such as the
measuring points on one pendulum wire, the component
attributable to the water 1load is expressed as the fitting
polynomial for the calculation results by means of f£inite
element method (FEM) modified by one coefficient of
correction. An overall knowledge on the behavior of the
whole section can be acquired. The 2D distribution model
for describing the radial displacement of the whole dam is
also illustrated.

GENERAL

The Baishan Arch Dam is located on the Second Songhua River
in Huadian County, Jilin Province in northeastern China.
Main construction work of the Baishan Project started in
May 1975, and impoundment of the reservoir on November 16,
1982. The first unit was commissiocned on December 30, 1983.
Now all the 5 units with total capacity of 1,500MW are in
operation (Fig. 1).

The climate is north continentalllwith minimum temperatures
reaching -45. The V-shaped wvalley is of appreciable width,
with bedrock of sound migmatite, except for a small portion
of basalt at the left abutment. There are a number of
faults, wveins and weathered zones in the dam foundation.
Generally speaking, the topography and geology are suitable
for an arch dam.

The Baishan Hydropower Station comprises an arch dam with 4
crest spillway openings and 3 outlets at mid height, an

underground power plant on the right bank with 3 generating
units, 300MW each, an underground switch station and on the

1.ZHANG Jinping, Senior Engineer, CHEN Zhonghua, Professor
and Senior Engineer, LI Libing, Engineer. China Institute
of Water Resources and Hydropower Research, P.0O. Box 366,
Beijing 100038, China, Tel: 0086-10-68530689, Fax: 0086-10-
68518286, E-mail: iwhrxld@public.bta.net.cn
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left bank, a surface powerhouse with a capacity of 2ZX300MW,
and an appurtenant switch station.

The arch dam is divided into 39 blocks along its entire
arch length, each lém in width excepting the spillway
blocks being 18m in width. The four spillway sections are
in blocks No.l1l4, 16, 18 and 20 with sill elevation at 404m.
The major project features and the main geometric data of
the dam are listed in Tables 1 and 2.

Fig. 1 General layout of Baishan Dam.

Table 1 Major project features

Items Indices
Long term average discharge 23m°/s

Max Probable Flood Discharge 32,200 m’/s
Design Flood 19,100 m’/s
Reservoir water level at PMF 423.45m
Reservoir water level at 418.30m
design flood {p=0.1%)

Normal high water level: 413.00m
Total reservolir storage: 6.5 x 10° m°
Installed capacity ' 5 x 300 MW
Annual energy output 2.037 TWh
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Table 2 Main geometric data of the dam

Items Indices

Type Three circle
arch dam

Height 149.5m

Crest length 676.5m

Base thickness 63.7m

Radius of arch at 770m

the middle

At both sides 320m

Max central angle F7°22!

Width to height 4,525

ratio

Thickness to height | 0.426

ratio

Volume 1.66 x 10° m’

MONITORING INSTRUMENTATION SYSTEM

Conventional monitoring system was designed to evaluate the
safety of the dam. For brevity, only the instruments for
deformation monitoring are introduced here.

There is one reversed pendulum wire installed in each of
the blocks Neo.2, 21, and 36. In block 32 there is a pair of
reversed pendulum wires. And in blocks Neo. 6, 10, 17 and
26, one pendulum wire is used in combination with one
reversed pendulum wire. (Fig. 2} There are measuring points
at El. 423, E1. 418, E1. 375 and El. 340 as well as in the
grouting gallery. Measuring points totals 29. The
triangulation survey is also performed to monitor the
deformation of the dam and valley slopes.
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Fig.2 Layout of pendulum and reversed pendulum wires.

The grouting to f£ill the crown joints was completed in May,
1985. The first pendulums were put into use in the
beginning of 1983 and all of them have been in operation
since August 25, 1985. From then on, the series of measured
data are rather complete.

A data processing system was developed on the computer to
treat all measured data for the dam safety during the
operation period. Both the analysis ¢f the observed data
cellected up to now and the results of the past visual
inspections indicate the normal performance of the dam.
Here, our analysis is focused on the observed radial
displacements of the dam at measuring points on these
pendulums and reversed pendulums.

FINITE ELEMENT ANALYSIS

The finite element analysis was carried out for processing
the measured deformation data in the dem and it’s
foundation at the Baishan Project. In this paper, only
displacement calculations at different upstream water
levels are introduced. The objective of the analysis was to
help '

1) establish numerical hybrid model for monitoring
displacements, i.e. the hybrid displacement distribution
model described later, in which the deformation law of
component due to water load can be formulated with the aid
of the calculated results

2) Jjudge if the water load induced component of the
displacements read from pendulums and triangulation survey
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show a normal deformation trend under the upstream water
load as predicted by the F. E. A.

The purpose of the calculation was different from the
deformation and stress analysis for the design purpose,
where the mesh may be comparable with multi-arch-cantilever
analysis and topography can be simplified. Therefore, the
mesh adopted in the above mentioned calculations was more
carefully designed. The mesh covers an area of 3km by 3 km
with the topography input by a drawing board so that the
all triangulation survey stations can be included properly.
Fig. 3 shows the part of mesh near the dam. There are 3518
nodes and 3375 elements in the whole mesh.

Fig. 3 A part of the discretized mesh for FEM
calculation.

The material parameters were adopted by reviewing the
design documents and technical reports provided by the
designer. Since the foundation and abutment rock is sound
enough, elastic model both for dam and foundation rock was
considered adequate to offer an overall pattern of the
deformation of the dam under upstream water load. Seven
rock regions can be divided with different Young’s modulus
ranging from 8,000 to 27,000 MPa while a modulus of 30,000
MPa was adopted for the concrete of more than 10 vears old.

Since the variation of downstream water depth is very
small, the main water load is governed by upstream water
level. 11 different upstream water levels were taken in
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simulating the rise and down of the water level in the

reservoir during the operation
to El. 423.5. By assuming that
water load in rock mass can be
forces by the seepage analysis
curtains considered, or as the

300
the

period, ranging from El.
the dam is impermeable,
treated either as body
with drainage and grouting
surface load by assuming a

distribution curve for the uplift under the dam. Since the
observed uplift water head could not give sufficient

information to make the assumption,

trial calculations have

been performed for both seepage body forces and assumed

uplift pressures.

The calculations showed that the results

obtained by assuming a conventional curve for the uplift
pressure distribution fit the observed displacement data
much better. This may be because the method for estimating
seepage body forces is not suitable for the rock mass in
which no dense homogeneous fissures exist.

The displacements of dam and its foundation were calculated
and the wvalues at the triangulation survey stations were
interpolated which were further checked against the

observed displacements.

Obviously,

a perfect agreement

between the calculated and observed data could not be
attained for such a complex structure and so large an area

of rock mass with geological uncertainties.

The aim of the

trial calculations is to get an overall agreement of the

deformation tendency in the dam and it’s foundation.

It is

adequate to give a sound base for further data processing
in the computer monitoring system for the Baishan Dam

developed by the authors.

The calculated results stored in

the database include the displacements versus upstream
water levels on radial sections of the dam and at survey

stations.

THE DISPLACEMENT DISTRIBUTION MODEL

Supposing the principle of displacement superposition is
applicable, then it follows that the radial displacement of

the dam at any point, J,

§=8(h) +8(T)+5()

in which, 8(h), &(T) and &(t)

can be resolved into three parts:

(1)

are components accounting for

the effect of water load, temperature and time

respectively.
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For the 1D distribution of displacements, such as the
deflection of cantilevers or deformation of arch rings,
Equ. {1) takes the following form:

6=06(h,x)+0(T,x)+6(t,x) (2)

in which, x is an variable representing spatial position of
points.

In Equ. {2}, all the three components are nonlinear
bivariate functions, for which no specific mathematical
expressions with definite mechanical meaning are available
in any means. However, they can be transformed to
generalized linear regression problems. Supposing
continuity in the displacement distribution with respect to
spatial location of the medium {dam body and foundation},
all these component functions can be expanded into power
series. Taking the first as an example, it can be expressed
as follows:

S(h,x) = iiaﬁxfh‘ (3)

J=0 i=0

When n and m are large enough, an asymptotical bivariate
polyncomial with sufficient accuracy can be obtained for the
function to be approximated. The component functions
representing the effects of temperature and time can be
treated in the same manner. The coefficients of the
governing equation including all three components can be
determined as the regression factors using linear stepwise
regression method.

The hybrid statistic model for one dimension displacement
distribution can be expressed as follows:

§=AS(h,x)+5(T,x)+3(,x)  (4)

in which, &(h,x), taking the form of Equ. (3), is a
bivariate polynomial fitting the calculated results,
obtained by using finite element method, at the measuring
points and A is a coefficient of correction.

As for the 2D problems, there is no essential difference
from Equs. (2) or (4), except that one more variable y is
introduced as the other dimension of space. With the aid of
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this kind of 2D model, the overall field of radial
displacement of the dam body can be studied in a general

way.

On the basis of the 6 series of radial displacements (all
of 120 data points) of the 6 measuring points on the
pendulum and reversed pendulum in the block No. 17, the
crown cantilever of the dam, a hybrid model was
established:

§ = ~72.043 + 0.872F(h, x) + 47.674x — 3.386x> + 0.069T;x° — 2.685T;’x
~0.003T,x° — 0.195T — 0.043T,* + 0.166T; + 0.0307" — 0.0167;x? (5)
—0.012T,x° — 0.005T x* — 0.159Tx +0.0127%° —0.24 x 107 T* - 0.0057%°

in which, F(h,x), the above mentioned polynomial obtained
by fitting the calculated results using finite element as
mentioned above, is determined as follows after trial:

F(h,x)=—-4.068 —4.653h% + 0.267x> + 20.529k° ~ 2.691hx* +10.9094
~0.002x® — 0.203hx° + 0.1014°x" +1.479%°%° +1.425k"x”

(6)

and, % is used to represent the spatial position of pecints,
T; the average temperature of the seven days before the time
of measurement, T, the average temperature of the sixty
days before the time of measurement, T the duration of time
and h the water level, all after non-dimentionalizing.

For Equ. (4), the multiple correlation coefficient R is
0.999 and standard deviation § is 0.252mm.

In Fig.4, each curve stands for the deflection of the
cantilever at certain water level. It is clear that the
calculation results of FEM are well fitted.
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Fig.4 The family of fitting curves for FEM calculation
results.
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Fig.5 The graph of radial displacement at point CI7FX
degenerated from the 1D distribution model.
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Fig. 6 The graph of displacement components at point
C1l7FX.
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Fig. 7 The radial displacement fields: observed vs.
Computed.
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Fig. 8 The radial displacement field: component due to
temperature.
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Fig. 9 The radial displacement field: component due to
water load.
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Fig. 10 The radial displacement field: component due to
time.

In Equ. (5), the coefficient of correction is 0.872. Quite
different from the case that the coefficient of correction
varies in the range of from 0.7 to 1.1 for the points on
the same (reversed) pendulum wire when the single point
hybrid model is adopted, here only one coefficient of
correction is necessary to describe the displacement at all
the six points under different water locads. Moreover, the
hybrid statistic model for displacement distribution can be
used to obtain the degenerated model for any single point.
Figs. 5 and 6 show the degenerated model for the point
Cl7FX. The results are fairly satisfactory in terms of
accuracy or the capacity of prediction in comparison with
the single point hybrid model.
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Based on the results of observation on the 27 measuring
points, one 2D model of displacement distribution is
established for a certain period:

Y =-3.111-2.314h" —0.076xy —0.345x°y* ~0.001y° +0.549x" y* — 0.924x"y
- 0.459x® + 0.186Axy" —0.408Ax*y* +2.26hx" +0.41T,xy° — 0.049T,x*y’
—0.00477y? + 4.164T,x + 0.720T; —1.120T,y* —3.156T,x* +0.2207, y*
+0.201T,xy° +0.326T,x* —0.085T’xy - 0.006T; y* — 0.036T,y° — 0.097T,xy*
+0.0797,x"y* - 0.081T,x" - 0.680x 107 T3’ +0.591x 107" Ty’
—0.122x107°T°x% —0.254 x 107 Tx*y* + 0.138 x107* Tx°

in which, y is a nondimensionalized variable with respect
to the horizontal location of peints parallel to the
direction of the arch rings, all other variable mean the
same as above.

For Equ. (7}, the multiple correlation coefficient R is
0.978 and standard deviation S is 1.76mm.The fairly high
multiple correlation coefficient and low standard deviation
confirm the good fitting of the regression equation.

Figs.7 shows the computed and observed fields of the radial
displacement of the dam at recorded highest water level.
Figs. 8 through 10 show separately the fields of
displacement distribution attributable to the effects of
water load, temperature and time respectively.

Needless. to say, using cone model alone to describe the
distribution of the radial displacement of the dam with
satisfactory accuracy provides much convenience for data
analysts and operation management in looking through the
constantly increased data to get an overall knowledge of
the behavior of the structure in operation.

The value of the correction coefficient in Equ (4) could
give a guide to evaluate the validity of the input elastic
modulus in an average sense for the elastic FEA, while an
overall comparison of the measured displacements with the
interpolated results of FEA could also provide information
for the back analysis. The input elastic modull were
estimated about 10 to 20% higher in fitting the observed
data.
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CONCLUSIONS

1.The displacement distribution models were established and
implemented in the data processing system for safety
monitoring on computer for the Baishan Arch Dam. An overall
picture of the dam deformation can be shown during
operation period for monitoring.

2.Elastic finite element analyses were performed to predict
a general deformation trend of the dam and help establish
the hybrid displacement distribution model. The deformation
law predicted by FEA agreed well with that shown by the
measured data as far as the displacements induced by water
load were concerned. It provided one important proof that
the integrality of the arch dam is good enough to make the
dam work as a whole.
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