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Preface

In accordance with the Terms of Reference (ToR) of the International Committee on Large
Dams (ICOLD), Technical Committee A (TCA), Committee on Computational Aspects of
Analysis and Design of Dams, “Benchmark Workshops are organised to compare numerical
models between one another and/or with reference solutions, including the dissemination and
publication of results ”. These benchmarks are typically organised every two years by a member
of the TCA in collaboration with his/her National Committee on Dams.

The first benchmark was held in Bergamo, Italy in 1991. The 13" Benchmark Workshop is held
in Lausanne, Switzerland. Situated by the Lake of Geneva and surrounded by vineyards,
countryside and forests, Lausanne benefits from an enchanting backdrop with spectacular views
of the Alps which are the home place of many large dams and hydroelectric power schemes in
Switzerland. More information on previous Benchmark Workshops can be found in ICOLD
Bulletin 155 http://www.icold-cigb.org/GB/Publications/bulletin.asp.

The main campus of the Ecole Polytechnique Fédérale of Lausanne, the hosting institution for
the benchmark, brings together over 11,000 people, students, researchers and staff in the same
magical place. With over 350 laboratories and research groups on campus, the EPFL is classed
in the top three in Europe and top twenty worldwide in many scientific rankings.

With 1500 hydropower plants producing 59 percent of the domestic electricity supply,
Switzerland is a hub for Dam Engineering and the Energy Sector. The Swiss Federal Office of
Energy (SFOE) requires that Owners verify their schemes including dams for seismic loading.
SFOE has published Guidelines allowing such seismic verifications to be performed. By 2015,
a vast majority of seismic verifications had already been performed thus representing a
milestone in Swiss Dam Engineering. On the basis of this “milestone” achievement (over 15
years of work), the Swiss Committee on Dams was selected by ICOLD, TCA members to host
the Benchmark event.

The Benchmark sets a framework for Engineers, Owners and Scientists alike, to perform and
share their experiences for predefined and open themes.

The 13" Benchmark comprised of the following themes:

Theme A Seismic safety evaluation of a concrete dam based on guidelines
Formulators: Russell Michael Gunn & Anton Doytchinov Tzenkov
Theme B Probability of failure of an embankment dam due to slope instability and
overtopping
Formulators: Adrian Morales-Torres & Ignacio Escuder-Bueno
Theme C Dam Safety
Moderators: Guido Mazza & Massimo Meghella

Russell Gunn Marc Balissat Pedro Manso Laurent Mouvet Anton Schleiss

Local Organising Committee


http://www.icold-cigb.org/GB/Publications/bulletin.asp
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13th ICOLD Benchmark Workshop on the Numerical Analysis of Dams - Switzerland, 2015

Keynote Lecture

The Earthquake Safety of Dams in Switzerland, Past, Present and
Future

By

Darbre G. Rt
Commissioner for Dam Safety

1. Swiss Federal Office of Energy, Supervision of Dams
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Location of Dams under Federal Administrative Supervision.
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c Schweizerische Eidgenossenschaft Swiss Federal Office of Energy

Confédération suisse
Confederazione Svizzera
Confederaziun svizra

The Earthquake Safety of Dams in Switzerland:
Past, Present and Future

Georges R. Darbre, Commissioner for dam safety

Past and present activities
Vibrationitests & strong-metion network
Focusing on key features at the example of water compressibility
What next.in Switzerland

ICOLD 13t International Benchmark on the Numerical Analysis of Dams, Lausanne, 9t-11th September 2015

© Past and Present: Regulatory

Up to 1970’s Earthquake safety of dams usually assessed
according to international practice of the time
(pseudo-static analysis with 10% g ?)

Since 1980’s Earthquake safety of new dam projects systematically
assessed based on hazard maps of 1978

2002 /2003 Publication of Swiss guideline on safety of dams and
of supporting technical document on the earthquake
safety assessment of dams
Earthquake safety evaluation required for all dams in
operation within 10 years

On-going Verification of over 200 earthquake analysis reports by
Supervisory authority *

* Cf. R. Panduri et al., Seismic safety analysis of dams within the context of the
Swiss dam safety concept, 13th ICOLD International Benchmark Workshop, 2015
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1982-1996 Earthquake response of concrete dams at ETH Zurich
(3,6 mio CHF) *

1989-1996 Earthquake response of embankment dams at ETH Lausanne
(1,3 mio CHF) *

Early 2000s Comparison of measured and calculated earthquake
responses together with the Univ. of Sherbrooke (CA) * %

* Main results:

O Scientific progress in individual topics (e.g. reservoir modeling and soil-structure
interaction)

U Confirmation of the complexity of modeling and analyzing the earthquake behavior
of dams

* % Main results:

O Calculation models overestimate the actual, measured response of arch dams
during earthquakes

Upto Seismometer network run by the Swiss seismological service
1980’s - with continuous financial support from the dam owners
1990’s
1990’s: Installation of a national strong-motion network encompassing
a free-field and a dam network, funded by the dam owners
(1 mio CHF)

End 1990's  Extensive ambient vibration tests at the arch dam of Mauvoisin
together with EMPA - Swiss research institute for Materials
Science & Technology

2000’s Extensive forced-vibration tests at the arch dam of Emosson
together with the Univ. of Sherbrooke (CA)
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Dynamic characteristics: resonance frequencies,
modes of vibration, energy dissipation.

Dynamic response:

linear vs. nonlinear
behavior (cracking, joint
openings, permanent
deformations), 2D vs. 3-D.

I
[
Wave |
propagation. | Free-field motion:

e — - amplitude, strong-motion
duration, influence of local
geological and soill
conditions, attenuation laws
and coefficients of wave

propagation, seismic hazard

Abutment motion: total effective
input motion (canyon effects,
kinematic interaction, incoherent
excitation)

Punt dal Gall
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Mauvoisin dam motion
Valpelline earthquake

31.03.1996 M=4.6 Mauvoisin dam motion

Valpelline earthquake
31.03.1996 M=4.6

= Mauvoisin: arch dam, 250 m
Valpelline quake, 31 March 1996
M = 4.6

Distance = 13 km

Recorded dam motions
(amplified ca. 3'000)
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Mauvoisin dam motion
Valpelline earthquake
31.03.1996 M=4.6

Mauvoisin dam motion
Valpelline earthquake
31.03.1996 M=4.6

Mauvoisin: arch dam, 250 m
Valpelline quake, 31 March 1996
M= 4.6

Distance = 13 km

Recorded dam motions
(amplified ca. 3'000)
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o

Discrete (at different water levels) and continuous (6-month period)

— Reservoir filling cycle

[ i
Beginning
of tests

above sea level)

Water level (m.

Location of sensors S’
inside gallery at 1957 m

Dam elevation
1700
NELR May 1 Aug29 Dec27 Apr26 Aug24 Dec12 Apr20 Aug18
1998 1998 1998 1998 1999 1999 1999 2000 2000
Date (720-day intervals)

A |ocal earthquake, 1994 ® Valpelline earthquake, 1996, magnitude 4.2

Modes 1(m) and 2 (a) Modes 3(s), 4(a) and 5 (o) Mode 6(mw)

Water level (m. above sea level)

25 2.7 29
Frequency, Hz
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Ty Sept Hw = 1924

=
N

June: Hw = 1878

Acceleration, g/kN E-6
oo

1 2 3 4 5 6 7 8 9 10°
Frequency, Hz

o

« 3D models for dam-reservoir-foundation

e Programs used
— EACD-3D-85 : Massless foundation
— EACD-3D-96 : Energy dissipating foundation

— FEMAP & custom conversion programs for pre/post processing

* Models calibrated from ambient & forced vibration tests

» Then used for earthquake analysis 14
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10

.20 30 40
Time, s
Recorded response — crest level

(]
(431

R

E .

E Recorded motion at base of dam
8 or at free field

=t Used as input

-25
0 5 10 15 y 20 25 30 35 40
Time, s

U Calibrated numerical models largely overestimate the recorded responses !

UWith massless foundation models: High damping values has to be introduced
artificially in dam body to reproduce recorded responses (up to 8 to 15 %)

O With energy-dissipating foundation models and dam damping at “reasonable” level :
20% or more foundation damping is required to reproduce recorded responses

U These damping values are “numerical values” and not physical ones !
Reasons for high numerical damping needed believed to lie primarily with

0 Assumption of uniform input motion

U Use of a “localized” input motion rather than a possibly lower “effective” input
motion

U Issue of energy dissipation in foundation (including radiation damping)
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o

dimensionless mass

U In view of the complexity of the issues and the state of knowledge, R&D and analyses
need to focus on the key factors affecting the earthquake response

0 Example of water compressibility : Numerical modeling is possible ... is it meaningful ?
Often (almost) more DOF’s to model the reservoir and the foundation than the dam body
itself, although it is in the performance of the latter that we are interested in!

L H

the dam response

hydrodynamic

—

A

UProposition: Account only for the most important effects of water compressibility on

uhH | z8(t) yu(zt

infinity

(1T

Gravity dam
Infinite reservoir
Bottom wave absorption
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dimensionless frequency

Incompressible solution (no energy dissipation !)

dimensionless frequency

Coefficient B, (base shear due to rigid-body horizontal movement)

10



dimensionless mass

13th ICOLD Benchmark Workshop on the Numerical Analysis of Dams - Switzerland, 2015
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0 Regulatory

0 Complete review of all submitted earthquake safety analyses (by 2016)

O Complete and publish the part of the revised guideline on dam safety which
deals with earthquake safety (2015)

U Assess need for revising seismic hazard to be used in safety assessments
(by 2016)
O Analytical and numerical studies

UNo specific activities planned.
Needs include modeling of nonlinear behavior, up to ultimate capacity

U In-situ and recordings

U Decision to be made on renewing or not the strong-motion dam network (by
2016)

11
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Theme A:
SEISMIC SAFETY EVALUATIONS OF A CONCRETE DAM
BASED ON GUIDELINES

Formulation by:

Russell Michael Gunn* & Anton Doytchinov Tzenkov?

1. Swiss Federal Office of Energy, Supervision of Dams (formerly Stucky Ltd)
2. Stucky Ltd

1. russell.gunn@bfe.admin.ch, 2. atzenkov@stucky.ch

Schweizerische Eidgenossenschaft Bundesamt fiir Energie BFE

g Confédération suisse Office fédéral de I'énergie OFEN stUCky >
Confederazione Svizzera Ufficio federale dell’energia UFE
Confederaziun svizra Swiss Federal Office of Energy SFOE a Gruner company

Swiss Confederation

Luzzone Arch Dam

The information package (available from the authors) for the preparation of contributions for
Theme A consists of:

Finite element mesh data

Static and seismic load data

Result forms and other documents to be completed by participants

Other documents listed in the appendices.

13
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Background

The Swiss Federal Office of Energy (SFOE) is responsible for the monitoring of storage
reservoirs and requires that operators evaluate and verify their reservoir schemes including
“dams” for seismic loading. SFOE has published Guideline documents (“Directives”, [1], [2])
related to these seismic verifications and operators have ensured that the necessary studies are
performed accordingly. By April 2013, SFOE had received seismic verifications for 142 of the
total of 206 storage schemes and the remaining verifications (mainly for class 111 structures in
accordance with the Swiss Directive nomenclature) shall be performed in due time.

These studies represent an important milestone in Swiss Dam Engineering and have enabled a
considerable amount of experience and knowledge to be acquired not only for seismic
verifications, but also for the ageing of these structures, remedial measures/rehabilitation works
(if required) and a more general contribution to safety evaluations and associated risks.

The proposed benchmark is aimed at the seismic safety evaluation of a Class I concrete arch
dam in accordance with Guidelines. The participants of the benchmark may use any guidelines,
but in preference from their home countries or international guidelines. Participants are
encouraged to make reference to the recently published ICOLD Bulletin B155 on the subject
of the “Use of numerical models in dam engineering” [3]. The benchmark is not only aimed at
comparing analysis results from the different Guidelines (a synthesis report shall be prepared
by the formulators), but also the self-evaluation by the participants of the methods applied and
their appropriateness to the structure based on “engineering judgement”, hence giving the
occasion to make recommendations for further studies.

Hence, the proposed benchmark explores the use of numerical tools to satisfy Guidelines
specifically related to concrete dams.

Objectives of Theme A

The objective is to perform the seismic verification of a concrete arch dam according to
Guidelines. The Swiss Directive [2] has been used as the basis for the problem statement.
Participants are encouraged to use any guidelines and judgement necessary to analyse the
seismic safety of the structure. Only the concrete dam body shall be addressed noting that the
foundation stability (wedge analyses) has already been the subject of a previous benchmark [4].
The phases of the studies are as follows:

1. Data evaluations (25%)1: The formulators of the benchmark provide
information necessary to perform the studies related to the geometry of the
structure, geology, topography, finite element model, material characteristics,
boundary conditions, static loading (self-weight, hydrostatic pressure due to
reservoir loads and thermal gradients), seismic input (three sets of scalable,
three-dimensional stochastically independent inputs); the methodology for
seismic evaluation according to the Swiss Directive [2] (storage scheme, dam
and foundation classifications, peak acceleration, site spectral response,
acceleration-time histories, model verifications, frequency and time-domain
analyses, structural, serviceability and stability verifications of the concrete dam,
etc.) and the required results (displacements, stresses, strength and stability
factors of safety).

The participants are expected to analyse the data provided and the required
results and verifications in light of the Swiss Directive [2] or in light of the

1 Percentage values indicate the expected work per phase of the total effort needed to satisfy
the benchmark objectives.
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national code/international guideline they have chosen to employ. They may
introduce additional data, e.g. material parameters, and refine the finite element
mesh provided, if required for the purposes of the envisaged dynamic analysis.
It is underlined that the current benchmark problem concerns only the concrete
dam body verifications and excludes those related to the dam foundation.

2. Seismic Verifications (25%): Static analyses shall be performed considering
simplified phased construction (proposal given by formulators) to define self-
weight loads, hydrostatic loading and a simplified temperature gradient for the
winter and summer conditions taking into consideration the reference
contraction joint closure temperatures. The prerequisite condition (in accordance
with [2]) for the calibration of the numerical model for thermal and mechanical
boundary condition parameters respectively are beyond the scope of this
benchmark. Thereafter, seismic analyses are to be performed.

The Swiss Directive [2] requires that the seismic analysis of a Class | dam should
be performed in two main steps. The first step consists in determining and
evaluating the dynamic characteristics of the dam-foundation-reservoir system
(natural frequencies, natural modes of vibration and participation factors). The
second step is performing dynamic analyses in the time domain. These analyses
may be linear and/or non-linear; the latter may employ interface models and
complex constitutive material laws. The finite element model prepared by the
formulators allows for simulating possible non-linear effects due to
opening/closing of the contraction joints between the adjacent dam blocks. It is
also possible to associate non-linear material models with the concrete and/or
rock materials. However, it is up to the participants to refine the basic finite
element mesh provided by the formulators, if such non-linear material models
require this in order to obtain mesh-independent results.

As mentioned above, the participants are free to use any national or international
guidelines for the seismic evaluation of concrete dams. Nevertheless, they are
expected to perform at least the two steps required by [2] for a Class | dam.

3. Results, evaluations and conclusions (25%): The expected results include the
structures dynamic characteristics (natural frequencies, natural modes of
vibration and participation factors), temporal displacements, principal/Cauchy
stresses (vectors and iso-lines), and stability factors of safety at selected points
and sections on the upstream and downstream faces of the dam body. The
participants can also introduce other evaluation parameters for discussion such
as the Flexural Stability Index, Demand Ratios, etc. Finally, the participants may
investigate the global stability of a detached rigid block in the top part of the
dam.

High emphasis will be given to the engineering interpretation and analysis of the
obtained results in view of the dam’s seismic safety.

4. Proposals for further studies (25%): A critical review of the numerical tool and

Guideline document employed within the context of the benchmark with
proposals and recommendations for further consideration are requested.
For comparison purposes, or if required by the employed seismic verification
code/guidelines, the second step of the seismic verifications, i.e. the dynamic
analysis, may be carried out in the frequency domain, if more refined models are
deemed necessary to simulate the dam-foundation-reservoir interactions.
Finally, hybrid frequency-time domain analyses may also be employed.
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Problem Statement

The Luzzone dam is a double-curvature arch dam located in the south-eastern part of
Switzerland and has been selected for the benchmark. A photograph of the dam is given in
Figure 1.

The problem statement consists of the seismic verification of Luzzone dam only in accordance
with Guidelines.

.\_»

El. 1610.20 m.a.s.l.

Figure 1 : Luzzone Dam (Switzerland), H =225 m

The dam was built in the 1960s and heightened in the 1990s. The behaviour of the structure is
sound and normal, but presents some interesting aspects for the dam engineering community.
The structure was originally designed as a classic arch dam of parabolic layout until during the
construction a family of decompressed joint structures on the left bank opened and provoked
an instability which had important consequences on the geometrical definition of the dam and
the stability of the abutments. For the upper section of the dam, a geometric rotation was
applied. The above figure reveals that the left bank has both an unusual upper elevation
abutment and a section closure for the 17 m heightening.

The participants are free to use any national or international guidelines for seismic verification
of concrete dams. For those who choose using the Swiss Directives [2], the respective
documents are made available in PDF format in French and German languages as indicated in
Appendix 1.

According to the Swiss Directives [2], Luzzone dam is a structure of Class 1 whose safety is to
be verified for an earthquake of a return period of 10’000 years. The dam is founded on sound
rock (diabase); hence its foundation is of Class A.

In general, for a concrete dam of Class 1, the Swiss Directives [2] require the following
methodology to be applied:

1. Definition of the seismic excitation:

e Peak Ground Acceleration (PGA);

e Response Spectrum of the dam site;

e Acceleration time histories.

2. Determination of the state of the dam, the geological and geotechnical conditions of its
foundation, and the material characteristics of the dam and the foundation.
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Preparation of a finite element model for seismic verification (geometry, boundary
conditions, initial conditions, materials);

Analysis of the natural frequencies;

Modelling of the operation period loads;

Analysis of the dam behaviour during earthquake by means of the direct time-step
integration method for three series of three stochastically independent acceleration time
histories and linear-elastic materials with viscous damping;

Check of the local stability (stresses);

Check of the global stability against sliding and overturning;

Other verifications (appurtenant structures, abutments, foundation);

10. Conclusions on the seismic safety of the dam;
11. If necessary: design of measures to ensure the seismic safety of the dam.

The participants are expected to perform at least steps (3), (4), (5), (6), (7), (8) and (10), the
others are deemed to be optional.

Information and data necessary for the participants to perform the seismic verification of
Luzzone Dam according to the Swiss Directives or any other chosen Guidelines are supplied in
the current document and its appendices, as well as in the input files.

Regarding the seismic input (Point (1) above), the participants are supplied with all the
necessary data defined in accordance to the Swiss Directives. However, with exception of the
PGA, the participants are free to use a response spectrum and acceleration time histories
according to the Guidelines they choose to employ.

Finally, Point (6) may be performed by any other method, as prescribed by Guidelines.
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Data Preparation

The participants of the benchmark Theme A are provided with the data listed in Appendix 4.
(digital format). The information below gives an overview of the data.

Seismic Excitation

As already mentioned, Luzzone Dam is a structure of Class 1 and its foundation (which consists
of sound rock) is of Class A. Therefore, according to [2], the safety of the dam is to be verified
for an earthquake of a return period of 10’000 years.

1) Peak Ground Acceleration
The location and the main characteristics of Luzzone Dam are presented in Appendices 2 and
3. As shown in the Seismic Intensity Map of Switzerland, the structure is located in a region
for which the estimated intensity of a 10°000-year return period earthquake is 7.7 on the MSK
scale. The horizontal component, a;, of the corresponding Peak Ground Acceleration (PGA) is
calculated as follows [2]:

loga, = 0.26 - Iy + 0.19 = [cm/s?]
Therefore:

a, = 1.56 [m/s?] = 0.16g

The Peak Ground Acceleration in the vertical direction is assumed 2/3 of a;, i.e.
a, = 1.04 [m/s?] = 0.106g

2) Response Spectrum of the Dam Site
The site response spectrum defined in [2] is as follows:
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For foundation of Class A, parameters S, Ty [s], T¢ [s] and T [s] take the following values:
S=1
TB:O.ls, TC:0.4S, TDZSS
Finally, n is calculated from the following formula:
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n=~7/2+9
where { represents the viscous damping in % of the critical damping. It is suggested to use:
¢=5%"+
hence:
n=1

3) Acceleration time histories

Three sets of stochastically independent acceleration time-histories are provided as described
in Appendix 4.

The time step is 0.01 second and the total duration is 30.71 seconds giving a total number of
3072 time steps. The peak ground accelerations in the cross valley, vertical and upstream-
downstream directions are all equal to 0.1g and Appendices 5, 6 and 7 present the graphs.

The acceleration time histories are compatible to the site spectral response prescribed in the
Swiss Guidelines [2] for structures founded on rock and damping equal to 5% of the critical.
The participants are encouraged to define by themselves other acceleration time histories, if the
respective Guidelines that they choose to employ provide for a site spectral response and/or
damping values that differ from those prescribed in [2].

The scaling factors applied to the acceleration time histories defined in Appendices 5, 6 and 7
are given in the format of ICOLD_13 BM_Theme_A_Model.fga data file. Hence, the following
peak ground acceleration values shall be applied by all participants:

1. Downstream-upstream (Z - direction): +0.160g
2. Vertically upwards (Y — Direction) : +0.106g
3. Cross-valley direction L - R (X — Direction) : +0.160g

The vertical peak ground acceleration is two-thirds (0.6667) of the horizontal components.
If the participants wish to explore the application of the Guidelines that they choose to use in
case of strong non-linear behaviour of the structure, they shall scale the acceleration time
histories given in Appendix 8 so that the following peak ground accelerations are obtained:

4. Downstream-upstream (Z - direction): +0.480g
5. Vertically upwards (Y — Direction) : +0.320g
6. Cross-valley direction L - R (X — Direction) : +0.480g

It is emphasised that multiplying the actual Peak Ground Accelerations defined in accordance
to the Swiss Guidelines [2] by a factor of 3.0 is aimed at defining fictitious loading conditions
whose purpose is triggering the respective Guidelines’ provisions (if any) for performing non-
linear structural analyses. It is also underlined that this part of the Theme A Problem to be
solved by the participants is not mandatory, but only optional.

The participants are free to convert the time histories into the frequency domain, but this is not
recommended for stability analyses.

Material Characteristics of the Dam and the Foundation

The Swiss Directives [2] prescribe that linear-elastic behaviour is to be associated with the
foundation rock and the dam concrete materials. Viscous damping of 5% of the critical can be
assumed.

In case no dynamic tests have been carried, [2] specifies that the dynamic characteristics of the
materials can be defined from the static ones (obtained by means of tests) by increasing the
latter as follows:
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e The dynamic modulus of elasticity is obtained from the static one by an
increase of 25%:

E; = 125 - E,

e Uniaxial dynamic compressive and tensile strength are to be used for the
analysis of the local stability (stresses) of the dam, in case linear-elastic
analysis is performed and viscous damping is assumed [2]. The uniaxial
dynamic strengths can be obtained from the static ones as follows:

= Uniaxial dynamic compressive strength of concrete:

 fua = 15f
= Uniaxial dynamic tensile strength of concrete:

In function of the static tensile strength:

ftd = 15ft <4 MPa
In function of the static compressive strength:

fia = 0.1f. <4 MPa

1) Foundation Rock

The dam foundation is composed of homogeneous and massive schist. Neither schistose planes,
nor any stratification are present in the foundation rock mass. Its material characteristics are
defined as follows:

Table 1 : Rock Foundation Material Properties

Mass Rock Properties Unit Value
Static Modulus of Elasticity, E GPa 18.6
Dynamic Modulus of Elasticity, E; = 1.25 - E; GPa 23.3
Poisson’s Ratio, v - 0.20

The foundation is assumed massless.

2) Concrete

The concrete mix of the dam outer zones (upstream and downstream faces, top and base)
contains 250 to 280 kg of cement per cubic meter of concrete. The inner zone has 160 to 250 kg
of cement.

Concrete quality has continuously been tested during the dam construction, as well as during
the dam heightening.

The performed tests reveal that the moduli of elasticity are relatively low: 20 GPa for the old
concrete and 18 GPa for the new one.

On the other hand, the compressive strength of the old concrete is 38 MPa (obtained as a mean
value) and 32 MPa (also a mean value) for the new concrete used for the dam heightening.

To measure the tensile strength of concrete, flexural strength tests have been carried out. The
tests show a flexural strength of 6 MPa for the old concrete and 4.6 MPa for the concrete of the
dam heightening. As reported in [5], the uniaxial tensile strength of concrete is between 47%
and 62% of its flexural strength. Assuming that for Luzzone dam the ratio between uniaxial
tensile strength and flexural strength is 1:2, we obtain:
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Uniaxial static tensile strength of the old concrete:

ftola = 3MPa

Uniaxial static tensile strength of the new concrete:

ft,new = 2.3 MPCl

Table 2 : Dam Concrete Material Properties

Mass Concrete Properties Unit
Density, p t/m3
Static Modulus of Elasticity, E GPa
Dynamic Modulus of Elasticity, E; = 1.25 - E; GPa
Poisson’s Ratio, v -
Thermal expansion, « 1/°C
Static Compressive Strength, f, MPa
Dynamic Compressive Strength, f.; = 1.5 f; MPa
Static Tensile Strength, f; MPa

Dynamic Tensile Strength, f;; = 1.5 f; <4 MPa MPa

Geometry and Finite Element Mesh

The arch dam has a crest length of 510 m and a maximum height of 225 m. The thickness of

Old Concrete

2.5
20
25

0.18

10°
38
57

3

the crown section varies from 4.55 m at the crest to 36 m at the base.

The shape of the dam is defined by parabolic curves in both the horizontal and the vertical
directions and features thickening of the arches towards the abutments. The geometric model
of the dam and its foundation has been established on the basis of the as-built drawings and the

topographic plans of the site.

The domain of the foundation modelled extends from the dam to a distance of approximately
two times the dam height. Hence, it is 760 m long, 1200 m wide and 435 m thick below the
lowest point of the dam base. The reservoir has been modelled to a distance of 700 m upstream
from the crown cantilever in order to enable considering the compressibility of water and the

dynamic dam-reservoir interaction.
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Figure 2 : Dam — Foundation - Reservoir Finite Element Mesh

The finite element mesh has been created by using quadratic elements. The mesh has 3102
elements and 12419 nodes.

The main data is in text (ASCII) format with free formatting and can be found in
ICOLD 13 BM_Theme A Model.fga. The model has been generated using the DIANA
software package for which more information can be found on the web (www.tnodiana.com).

The file has been structured in such a way as to facilitate modelling, analyses and evaluation of
results. The detailed description of the ICOLD_13 BM_Theme_A_Model.fga file is given in
Appendix 9.

For result presentation purposes, Appendix 10 provides the participants with three standard
cross-sections.

==
% - §

¥

Tt
LA

X-section 3 (Right bank)

X-section 2 (Left Bank)

X-section 1 (Crown)
Figure 3 : Cross Sections Location and Definition

Special importance is given to the interface between the dam and the foundation which is named
INFACE. The labelled geometrical points (entity name) are given in Appendix 11 with global
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coordinate values (X, Y, Z).

Operation Period Static Loads

The participants have to consider the following static loads:

Self-weight;

Hydrostatic pressure for Normal Water Level at EI.1606;

Silt pressure;

Thermal gradients with respect to the temperature of joint grouting for
= winter temperature conditions; and
= summer temperature conditions.

3) Self-weight

The construction of the dam was carried out in four periods (1960, 1961, 1962 and heightening
in 1999). The finite element model provided in ICOLD_13 BM_Theme_A_Model.fga allows
for modelling the construction phases corresponding to these periods, as shown in Figure 4.

®
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Figure 4 : Modelled Construction Phases

4) Hydrostatic Pressure

The hydrostatic pressure is to be applied on the upstream face of the dam and has to correspond
to the Maximum Normal Operating Water Level at EI.1606 m a.s.l. It is underlined that the left
part of the dam has an unusual upper elevation abutment and a section closure for the 17 m
heightening. Therefore, the hydrostatic pressure should be applied only on the dam’s upstream
face in contact with water, as defined in the finite element model file provided and as shown in
Figure 5:
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Figure 5 : Hydrostatic Pressure on the Upstream Face for NWL at EI.1606

5) Silt Pressure

The silt pressure is to be applied on the wet surface of the upstream face of the dam and has to
correspond to a level at E1.1440 m a.s.l.

The buoyant density of the silt is estimated to amount to 400 kg per cubic meter.

6) Thermal gradients

The thermal gradients have been determined with respect to the dam body temperature field at
the time of grouting of the contraction joints, Figure 6. The load cases considered correspond
to an earthquake occurring in wither and an earthquake occurring in summer.

Figure gives the profile of annual variation of the temperature on the upstream and the
downstream face of the dam, which take into account the water level variation, as well as the
sun exposure.

The calculated thermal gradients within the dam body for the “winter” and “summer”
conditions are given in free ASCII text format, as indicated in Appendix 11. It is noted that the
thermal gradients are given for each node of each element of the dam-foundation system for the
finite element mesh generated by the formulators. If, however, the participants wish to use a
different finite element mesh, they will have to calculate themselves the thermal gradients using
the information provided in Figure 6 and Figure 7.
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Figure 6 : Temperatures of contraction joint grouting
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Methodology

Modelling

Based on the data provided and as described in the preceding chapter, the participant is asked
to model the dam and foundation structure using finite elements and/or any other numerical
modelling technique (for example discrete elements). The extent of the foundation has been
defined to minimise constraint effects (static and dynamic loading) for different degrees of
restraints (translations and rotations).

The structure of the mesh using for example interface elements at the dam’s contraction joints
shall be the choice of the participant.

It is underlined that the participant is free to modify the mesh by refining it, changing the
element types, etc.; however, the geometry of the problem shall remain unchanged.

The dam body has been separated into six construction stages to allow a reasonable
computation of the self-weight loading.

Material Parameters

The material parameters for the mass rock of the foundation and the concrete of the dam are to
be defined in accordance with Table 1 and

Table 2, respectively. Uniform properties are assumed for the entire rock foundation for
simplicity and the concrete dam shall be treated only as mass concrete (no facing and/or
interface concrete).

The influence of softening elements along the upstream dam-rock interface can be defined
freely if the participant desires to reduce the effects of stress discontinuities. Such elements are
normally defined just in front and/or as part of, the grout curtain (first top layer of foundation
elements).

Boundary Conditions

The boundary conditions for the finite element model are defined in accordance with the model
data file and selected such as to minimise their influence on the results for static and dynamic
loading conditions.

Loading

The static loading (self-weight, full hydrostatic pressure due to Normal Water Level at
El. 1606 ma.s.l., Silt Load at El. 1440 ma.s.l. and loading due to summer and winter
temperature differences) shall be computed and applied as initial conditions for the dynamic
loading. The latter shall be applied in accordance to the method chosen to be employed (direct
integration in the time domain, frequency domain analysis, hybrid frequency — time domain
analysis, etc.) and shall consider the dam-reservoir interaction. The participant is free to choose
the method for modelling the effects due to the dam-reservoir interaction.

Approach to the Analyses

7) Analysis of the Natural Frequencies

The Swiss Directives [2] recommend before all, performing an analysis of the natural
frequencies in order to obtain a solid knowledge of the defined numerical model, as well as to
enable a preliminary evaluation of the dam dynamic behaviour.

8) Modelling of Load Cases and Load Combinations

The participants are asked to model the load cases and load combinations shown in Table 3.
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Table 3: Loads and Load Combinations

Load combinations Static Dynamic
Loads SUo0 Su2 DE2
Self-weight 1 1 1 1 1
Hydrostatic pressure (EI.1606 m a.s.l.) 1 1 1 1 1
Silt pressure 1 1 1 1 1
Temperature gradients | Summer 1 1 1 1
Series 1 1
Earthquake Series 2 1
Series 3 1

As indicated above, the participants will have to model three (3) dynamic load combinations to
investigate the seismic safety of the dam.

9) Analysis of the Dam Behaviour during Earthquake

The participants shall carry out the numerical calculations on the supplied finite element model
of the dam-reservoir-system for the specified load combinations. Based on the results obtained
from these analyses, the structural safety shall be evaluated by checking the local and the global
stability of the dam.

a) Analysis of the Local Stability

The local stability is checked by comparing the calculated stresses against the strength of the
concrete material as defined by the supplied input data and/or in accordance with the employed
guidelines. The local stability is guaranteed if the evaluated maximum compressive and tensile
stresses do not exceed the corresponding strengths.

b) Analysis of the Global Stability

The global stability concerns the safety against sliding and the safety against overturning of the
whole structure or of a part of it. For Luzzone dam, it is proposed to verify the stability of a part
of the crown cantilever assuming that during the earthquake the vertical joints on both sides of
the block can open, as well as that a horizontal crack can propagate through the whole thickness
of the block.

This verification shall consider the self-weight, the hydrostatic pressure, the uplift pressure at
the crack (triangular pressure distribution is to be admitted), and the earthquake-induced forces
(horizontal and vertical components). It is noted that the thermal loads do not contribute to the
stability as the joints are assumed to be open.

10) Conclusion on the Seismic Safety

Based on the results obtained from the analysis of the dam behaviour during earthquake,
conclusions on the seismic safety of the structure can be drawn.
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Requested Results

Natural Frequencies and Mode Shapes

The participants are required to calculate the first 12 natural frequencies (eigenfrequencies) of
the dam-foundation system for the cases of empty and full reservoir.

In addition, it is required to present the first 12 dam mode shapes for the case of full reservoir.
In order to evaluate the contribution of the natural modes of vibration for the structure’s
response in the cross-stream, stream and vertical directions, the participants may present and
discuss the participation factors for modes 1-12.

The corresponding results shall be submitted according to the format given in Appendix 12.

Displacements

11) Displacement Time Histories

The participants are asked to present the radial displacement (Z component) time histories at
the crest of the central section of the dam (for point with X=0, Y=1609, Z=-29.145) due to the
investigated dynamic combinations (the displacements due to self-weight should be set to zero).

12) Displacement Envelopes at Cross Sections

In addition, it is required to present the minimum and the maximum radial displacement
envelopes, as well as the static load displacements (without self-weight) for the centrelines of
Cross Section 1 (Crown), Cross Section 2 (Left Bank) and Cross Section 3 (Right Bank), see
Figure 2. An example for presentation of radial displacements envelopes for an arch dam cross
section is given in Figure 8.
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Figure 8: Example Presentation of Radial Displacement Envelopes for a Section of an Arch
Dam

Stresses
The following sign convention for stresses shall be used: compressive stresses have a negative
value and tensile stresses have a positive value.

13) Stress Envelopes on U/S and D/S Faces
In order to evaluate qualitatively the obtained results, it is asked to present the envelopes of the
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computed maximum and the minimum principal stresses for the upstream and for the
downstream faces of the dam. The stress envelopes should contain the maxima / the minima
obtained from all the investigated dynamic load combinations.

14) Stress Envelopes at Cross Sections

Envelopes of the minimum and maximum hoop and cantilever stresses on the upstream and on
the downstream lines of Cross Section 1 (Crown), Cross Section 2 (Left Bank) and Cross
Section 3 (Right Bank) are requested to be presented for the investigated dynamic load
combinations. The graphs shall also include the results for the corresponding static load
combination. An example for the presentation of stress envelopes for an arch dam vertical cross
section is given in Figure 9.

I I
b |
— i
8 6 4 -2 0 2 4 6-14 -12 -10 8 -6 -4 2 0

-14 6
Hoop Stress (MPa) Hoop Stress (MPa)
Upstream Face Downstream Face

Figure 9 : Example Presentation of Hoop Stress Envelopes for a Section of an Arch Dam

15) Stress Values at Selected Points

The participants are asked to present the maxima and the minima of the computed stresses at
selected characteristic points on the dam faces. Ten points have been chosen for each face of
the dam (twenty in total) as follows: three at the crest, two in the upper part of the face, two on
the left abutment, two on the right abutment and one near the base of the dam. The point
coordinates are given in Table 4 and the location of the points is shown in Figure 10.

The results shall be submitted following the table given in Appendix 13.
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Table 4: Coordinates of the Points Selected for Stress Analysis

Upstream Face

Downstream Face

Zone
Point | X Y Z Point X Y Z
Crest — Left A -98.131 | 1609 | -47.793 | A' | -96.185 | 1609 (-51.875
Crest — Centre B 0 1609 | -29.145 B' 0 1609 [ -33.654
Crest — Right C 84.225 | 1609 | -41.937 | C 79.121 1609 | -45.152
Dam Upper Part — Left D |-52.128 | 1564.4 | -20.648 | D' | -47.968 | 1564.4 | -35.948
Dam Upper Part — Right E 44,469 | 1564.4| -18.716 E' 40.312 | 1564.4 | -34.193
Abutment Upper — Left F -165.7 | 1545.6 | -84.024 F -151.19 | 1551.2 | -107.31
Abutment Upper — Right G 124.13 | 1554.1| -50.259 | G 116.58 | 1554.1|-67.933
Abutment Lower — Left H -99.273 | 14815 -44.278 | H' | -80.397 | 1481.5(-76.978
Abutment Lower — Right I 86.112 | 1481.5| -35.034 I' 72.832 |1481.5]-69.382
Dam Lower Part J 0 1409.1 | -4.3636 J' 0 1409.1 | -35.262
Left Bank UPSTREAM FACE Right Bank
A .:*" EI.;.‘ l:“,-‘
D ‘” ' E ‘. G .\
p‘,.. ¢
H 1621 ] 1744
& @
J ki
®
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Right Bank DOWNSTREAM FACE Left Bank
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Figure 10 : Identification of the Analysed Zones on the Dam Upstream and Downstream
Faces

16) Stress Time Histories
Is it requested to present the time histories of the maximum and minimum principal stresses at
Points D, E, D' and E".
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Rocking Block Stability

The results for the factors of safety against sliding and overturning of a so called “rocking
block” characterised by opening of the contraction joints and the formation of a horizontal crack
that can propagate through the whole thickness of the block as indicated in Figure 11, shall be
given according to the table in Appendix 14. The results shall be given for four different levels
of the assumed horizontal crack, namely at El. 1600.5 (h =8.5m), EI.1592 (h =17 m), EI.1578.2
(h=30.8 m) and EI.1564.5 (h = 44.5 m).

Figure 11 : Dam Cantilever for Rocking Block Stability Investigations

The shear strength at the base of the rocking block shall be assumed as follows:
@ =63%c=0

Evaluation of the Dam Safety

The participants are requested to interpret and analyse the computed displacements, stresses
and rocking block stability of the dam and to conclude on the seismic safety of the structure.

It is important that a critical review is made of the software tool and the Guideline used in the
studies and hence, the participants are requested to make proposals for further investigations
and/or benchmarks.

Time framework

The estimated effort from the participants for the basic studies (without options) ranges from 2
to 3 weeks. The time devoted to solve all seismic analyses (with options — non-linear dynamic
analyses, etc.) should not in any case be longer than two months.
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Tablieh Construction Company, Tehran, Iran

ABSTRACT: The seismic safety of the 225 m high Luzzone arch dam in Switzerland is evaluated for a
Safety Evaluation Earthquake (SEE) with a return period of 10,000 years and estimated intensity of 7.7
on the MSK scale. Fluid-structure interaction analysis is performed to assess linear dynamic stresses.
Potential-based compressible fluid elements are utilized to model dam reservoir. Safety evaluation
concerns satisfaction of local stability as well as global stability. Local stability control is made by
comparing compressive and tensile stresses with the specified uniaxial strengths. Furthermore,
alternative tensile strength criteria is set forth and use of concrete biaxial failure envelope to assess local
safety factors is discussed. Global stability assures safety against sliding and overturning of a detached
block. Due to development of high dynamic arch stresses in crest central part, grouted contraction joints
certainly would open and monolithic behavior of dam wall fails and arch stresses are released leading
to a few free standing blocks with high tensile cantilever stresses at the base. This leads to development
of horizontal cracks on the lifts which are weaker in tensile strength as compared with mass concrete.
The detached block must remain stable during and following seismic event. Local stability checks for
static load combinations are found satisfactory. Minor damages are expected in seismic events but global
stability of investigated block is still acceptable.

E-mail: Naji@Tablieh.com

Introduction

The intention of ICOLD 13" Numerical Benchmark Workshop is to perform the seismic safety
evaluation of a Class I concrete arch dam according to Swiss Guidelines. The Luzzone dam that
is located in the south-eastern part of Switzerland has been selected for the benchmark. The
dam was built in 1960s, heightened by 17 m in 1990s and has a classic parabolic layout.
Heightened dam has a crest length of about 510 m and a concrete volume around 1.4x10°% md,
The so-called Lombardi’s boldness coefficient (A=S*hV) that gives a measure of dam
slenderness is calculated about 12.0 and is well below the limit value (Amin=-0.05h+25) of 13.8.
In the following, the safety evaluation analysis procedures shall be discussed in broad details.

Load Combinations

Individual load cases are described in the following and consist of staged Self-weight (SW),
Hydrostatic Pressure (HSP), Silt Pressure (SP), Thermal gradient (dTS) and mass-proportional
seismic (MCE) loads. As thermal gradient, only summer temperature condition is considered.
Results are provided for three load combinations designated as SUO (SW+HSP+SP), SU2
(SW+HSP+SP+dTS) and DE2 (SW+HSP+SP+dTS+MCE). SU stands for Static Usual and DE
for Dynamic Extreme load combinations, respectively.

Self-weight

An 11-staged self-weight simulation is carried out (refer to Fig. 8). Indeed, it is assumed that
each stage corresponds to one lift of concrete. This fictitious lift is taken equal to the height of
one row of finite elements. The concrete of each lift (one stage) is assumed to be placed
simultaneously. The element birth option is adequately utilized to resemble addition of finite
elements, i.e., concrete lifts to the whole model [1]. At the end of each stage (lift), the dam part
located below the lift top elevation is assumed to be totally grouted and behaves monolithically.
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Hydrostatic Pressure
It is applied only over wet part of the dam water face assuming reservoir at elevation 1606
corresponding to maximum normal operating condition. Water unit weight is taken 9.81 kN/m?.

Silt Pressure
The saturated silt load on water face of dam is applied as an equivalent fluid with an effective
(buoyant) density of 400 kg/m3. The silt elevation of reservoir is taken at 1440.

Thermal Gradients
Thermal gradients within dam body for summer condition is submitted by Formulators. The
closure temperature is assumed to vary with dam height in range of 4.5~10 °C.

Seismic Excitations

Regarding Swiss Guidelines, since the structure is of Class 1 and its foundation is of Class A
sound rock (diabase), thus, the dam safety should be verified for an earthquake of a return period
of 10,000 years. Regarding dam location, the estimated intensity is taken 7.7 on the MSK scale
and corresponding Peak Ground Acceleration (PGA) in horizontal and vertical directions are
calculated as an=1.56 m/s? and a,=1.04 m/s? (a,=2/3an), respectively. Site specific design
spectrum (£=5%) is defined according to Swiss Guidelines and corresponding compatible
acceleration time histories are derived. Three independent series of artificially generated
acceleration records (each with three components and PGA around 0.1g) are provided by
Formulators. These records are scaled to give rise to the specified PGA values. The scaled
horizontal (along stream) component of Series 1 and its response spectrum are shown in Fig. 1.
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Fig. 1: SEE Design Spectra and Rayleigh Damping Coefficients

Material Properties

Based on Swiss Guidelines, linear elastic material behavior is assumed for rock foundation
(massive schist) and concrete. The static modulus of elasticity of rock is assumed Es=18.6 GPa.
Its dynamic modulus of elasticity is taken Eq=1.25Es and Poisson's ratio v, =0.2. Considering

test results, for old concrete it is obtained Es=20 GPa and for new Es=18 GPa. Dynamic modulus
of elasticity is assumed Eq=1.25Es. The Poisson's ratio is taken v _=0.18 and thermal expansion

coefficient «=10" 1/°C. Compressive strength of old concrete is obtained f.=38 and for new
f.=32 MPa. Dynamic compressive strength is taken f_=1.5f . Uniaxial static tensile strength
(taken equal to 50% of flexural strength) of old and new concrete are taken f=3 and f=2.3 MPa,
respectively. Uniaxial dynamic tensile strength is taken equal to f,,=1.5f<4 MPa.

In Iran, it is a common practice to use a 2/3 power relation proposed by Raphael [2] to assess
static (actual) tensile strength of concrete as ft:0.32(fc)2’3. This relation is obtained from splitting

tension test results. Also, in order to find local safety factors a biaxial strength diagram (Fig. 9)
given originally by Kupfer-Gerstle [3] and has been improved by Chen is utilized [4].
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Finite Element Model

Iso-parametric 20-node elements are incorporated to idealize dam and foundation. Wedge
shaped 15-node prism elements utilized by Formulators are transformed to degenerated forms
of the general 20-node brick elements with some specific nodes made coincident. The so-called
spatial isotropy corrections are imposed on the related interpolation shape functions of the
degenerated elements [1]. The direction of global Y and Z-axes are changed as compared with
model provided by Formulators (Fig. 2). Now the Y-axis is along river flow pointing towards
downstream and coincident with dam reference plane and the Z-axis is pointed upward. As per
ICOLD proposals, massless foundation with no radiation damping and wave propagation
effects is adopted. Fully restrained boundary conditions are imposed on the boundary surfaces.
The stresses are calculated at position of 3x3x3 Gaussian quadrature points and are then
assigned directly to nearby nodal points (Fig. 2). Later, averaged nodal stresses are calculated
for each element group. The orthogonal stresses in form of arch (hoop) and cantilever are
defined in tangential plane to dam surface with arch stresses aligned in horizontal direction.
Potential-based 3D fluid elements are used to idealize the impounded reservoir. It is assumed
that the fluid is invicid and irrotational with no heat transfer. Also, fluid displacements are
relatively small and no actual fluid flow occurs. To couple structural elements of dam wall with
potential-based fluid elements 3D 8-node fluid-structure interface elements are used. Also, the
bottom and sides of reservoir are covered with interface elements with all displacement DOF
of nodes are set as fixed.

For Luzzone dam the Q-criteria (water compressibility significance parameter) is found about
0=0.9. The Q-criteria is defined as the ratio of fundamental frequency of impounded reservoir
to the fundamental frequency of dam alone (Q=wr/mq). Concerning Swiss Standards, only for
0Q>1.4 (US Corps Q>2) the incompressible fluid assumption in the model is acceptable. Hence,
fluid is treated as compressible but with infinitesimally small velocity and density changes.
Reservoir level was set at 1609 and water bulk modulus K= 2073.6 MPa.

The energy loss capability of reservoir bottom and sides are ignored. Thus, no wave absorption
occurs on these surfaces and in fact they are treated as non-absorptive full reflective boundaries
(o=1). A significant mitigating effect is expected in dam dynamic response by considering
compression wave absorption at reservoir boundaries.

Planar infinite potential interface boundary conditions (radiation type) are imposed at far end
of reservoir to resemble zero pressure and velocity at infinity. This allows outwards-going
waves to be propagated into the infinite fluid region without reflection [1]. Effect of gravity

waves was also neglected by prescribing free surface nodes of reservoir as fixed (¢=0).
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Fig. 2: FE Model, 3x3x3 Gauss Points and Generalized Westergaard Pressure
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The eigen value analysis is performed in order to find out a limited number of lower natural
frequencies and vibration mode shapes of undamped free vibration of the dam-foundation-
reservoir system. In Tab. 1, natural vibration frequencies are listed for empty and full reservoir
conditions. For latter, frequencies are given for two separate scenarios. The 1% one corresponds
to incompressible fluid which is accomplished by using Generalized Westergaard (GWG)
added mass concept (Fig. 2) introduced by Kuo [5]. The 2" one assumes fluid as a compressible
medium and following reservoir discretization performs a Fluid Structure Interaction (FSI)
analysis [1]. For GWG case, modes 2 and 4 (both symmetric) have the largest contributions and
together excite about 50% of total mass in the along-stream direction (Y). The first 12 vibration
mode shapes by FSI analysis and full reservoir condition are illustrated in Fig. 3.

Tab. 1: Eigen Frequencies and Modal Participation Factors

Empty Reservoir Full Reservoir
Mode| Frequency Effective Mass Percentage [%] Frequency [GWG] Effective Mass Percentage [%] Frequency [FSI]

f[Hz] Cross-Stream X | Along-Stream Y | Vertical Z f[Hz] Cross-Stream X [ Along-Stream Y | Vertical Z f[Hz]
1 1.945 6.73% 2.44% 0.00% 1.155 7.28% 5.91% 0.30% 1.445
2 2.014 1.21% 25.67% 0.97% 1.194 3.44% 26.96% 0.21% 1.496
3 2.941 0.07% 6.30% 0.43% 1.744 0.18% 7.48% 0.00% 2.092
4 3.600 0.02% 16.16% 5.60% 2.101 0.14% 22.86% 0.77% 2.243
5 3.892 0.05% 0.54% 0.00% 2.310 0.40% 0.43% 0.01% 2.332
6 4.374 36.08% 0.10% 0.49% 2.675 14.16% 0.00% 0.07% 2.757
7 4.495 0.00% 5.69% 66.14% 2.939 0.04% 1.36% 0.08% 3.118
8 4.915 1.68% 1.25% 0.74% 3.206 0.12% 3.79% 0.03% 3.302
9 5.185 26.66% 1.09% 1.06% 3.571 0.06% 7.82% 2.10% 3.379
10 5.611 0.13% 2.91% 1.02% 3.627 0.45% 0.44% 0.34% 3.860
11 6.019 0.37% 2.36% 0.16% 4.082 4.38% 0.52% 0.00% 4.039
12 6.062 0.56% 5.64% 0.04% 4.331 1.93% 0.96% 59.88% 4.239

b2 73.56% 70.16% 76.66% b3 32.58% 78.53% 63.79%
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Displacement Time History

Time histories of radial displacement (Y-component) for a node located on crest level of dam
crown section for all investigated dynamic load combinations (self-weight excluded) are shown
in Fig. 4. For SU2 combined static loads, 6:=11.6 cm is obtained. For DE2 load combination,

maximum &=36.7 cm is found for input series 1 and minimum &=-14.6 cm for series 3.
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Fig. 4: Radial Displacement Time Histories of Node No. 1942

Displacement Envelopes

Envelope radial displacements (&) for SU2 and DE2 load combinations (self-weight excluded)
for centerlines of three radial sections are given in Fig. 5. Section 1 is coincident with dam
reference plane (6=0), section 2 (left) is orientated with respect to it by 6=28"and section 3
(right) by 6=23.8°. Sections 2 and 3 show almost equivalent envelope results of &, in the range
of -4.9~16.1 cm. Radial displacements (&) towards downstream is assumed positive.
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Fig. 5: Envelope Radial Displacements

Stress Envelopes on Water and Air Faces

Envelope of principal stresses Si1 on water face and principal stresses Ss on air face are made
for DE2 load combination (Fig. 6). All seismic inputs (series 1 to 3) are taken into account. On
U/S face rather high local tensile stresses of about 16.5 MPa are detected at right bank interface
zone. Also, high compressive stresses of -45.5 MPa are seen on opposite face. Certainly, these
are stress singularities due to re-entrant corners and thus of less practical importance.
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Fig. 6: Water and Air Faces Envelope Stresses (S1 & S3)
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Stress Envelopes at Cross Sections
Arch (hoop) and cantilever stress results of sections 1 to 3 for SU2 and DE2 load combinations
are shown in Fig. 7. Results are given on water and air faces for all seismic input series 1 to 3.
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Fig. 7: Envelope Arch and Cantilever Stresses (ca & oc)

Stress Values at Selected Points

Nodal principal stress results for SUO, SU2 and DE2 at specific points on dam faces (Fig. 8)
are summarized in Tab. 2. The highest tensile S of 3.8 MPa was detected at point J’ (SUO) and
the highest compressive Sz of -21.3 MPa at point I’ (SU2). Tensile stress at J’ (SUQ) exceeds
uniaxial limit f=3 MPa. A double check was made using biaxial failure envelope and (ca &oc)
principal stresses (Fig. 9). Factor of safety was obtained 1.32 but it must be at least FSmin=2.
For DEZ2, the highest S1 occurs at point B of 10.7 MPa and the highest Sz of -33.6 MPa at point
I’ both due to input series 3. High dynamic tensile arch stresses are seen on upper part of dam
that are far above the tensile strength of mass concrete (f,=3.5 MPa). These stresses would
release and result to high cantilever stresses. Also, high tensile stresses are seen at point G
nearby to rock-concrete interface zone which is mainly due to abrupt change in profile. By
modelling of peripheral contact joint it could be shown that the stresses are again unrealistic.

Tab. 2: Stress Results for Load Combinations

° Static Load Combinations Dynamic Load Combinations DE2 (SW+HSP+SP+dTS+MCE)
Face Zone B 2 |Point SUO (SW+HSP+SP) SU2 (SW+HSP+SP+dTS) MCE Series 1 MCE Series 2 MCE Series 3
= S1 & S1 oa S1 S8 S1 &3 S1 S3
Crest - Left 1872 A -0.004 -3.155 -0.008 -3.687 3.785 -9.606 2.668 -9.779 1.257 -8.706
Crest - Centre 1942 B -0.005 -4.046 -0.011 -4.342 9.733 -18.895 6.835 -14.904 10.720 -18.349
o |Crest- Right 2070| C -0.009 -4.055 -0.014 -4.587 1.390 -10.632 0.898 -10.135 0.477 -9.755
§ Dam Upper Part - Left 2223| D -0.403 -6.086 -0.392 -5.995 3.958 -13.703 4.266 -12.190 4.708 -13.999
£ |Dam Upper Part - Right 2300| E -0.405 -6.467 -0.394 -6.438 6.022 -12.137 3.838 -11.527 3.734 -11.664
§ Abutment Upper Part - Left 2649 | F 0.708 -0.952 0.393 -1.199 1.935 -4.448 1.523 -3.446 2.266 -4.635
E Abutment Upper Part - Right | 3084 [ G -0.501 -4.087 -0.560 -4.069 8.057 -15.929 7.605 -13.555 9.582 -15.814
> Abutment Lower Part - Left 1621 H 2.649 -3.523 2.091 -3.373 4.976 -7.427 4.318 -7.894 5.531 -7.746
Abutment Lower Part - Right | 1744 | 1.877 -6.096 1.281 -6.153 3.439 -9.979 2.912 -10.861 3.189 -10.341
Dam Lower Part 1438 J -1.879 -3.610 -1.972 -3.654 -0.277 -5.130 -0.611 -5.011 -0.252 -5.005
Crest - Left 1881 | A’ -0.001 -3.229 -0.031 -3.595 5.846 -11.421 2.819 -9.941 5.152 -12.737
Crest - Centre 1947 | B' -0.002 -2.697 -0.030 -2.854 6.327 -11.819 7.274 -11.882 3.545 -9.551
8 |Crest - Right 2075 | C' -0.018 -4.254 -0.062 -4.531 2.710 -13.924 2171 -11.585 4.913 -13.109
& [pam Upper Part - Left 2226 | D' -0.022 -3.664 -0.037 -4.433 8.958 -11.930 5.164 -9.355 7.572 -12.297
% Dam Upper Part - Right 2306 | E' -0.021 -3.417 -0.031 -4.178 8.169 -15.457 6.094 -11.033 9.250 -15.104
£ [Abutment Upper Part - Left 2653 | F 0.019 -3.628 -0.155 -4.502 -0.036 -7.914 -0.015 -7.689 -0.012 -8.075
E Abutment Upper Part - Right [ 3089 [ G' -0.061 -15.013 -0.137 -14.608 0.795 -27.271 1.284 -29.416 1.290 -29.850
8 Abutment Lower Part - Left 1624 | H' 0.546 -19.494 0.294 -19.471 1.143 -28.855 0.966 -25.792 1.179 -28.733
Abutment Lower Part - Right | 1750 [ I' 0.527 -20.641 0.370 -21.342 0.973 -30.501 0.916 -29.385 1.016 -33.620
Dam Lower Part 1447 J' 3.759 -4.216 2.202 -4.856 4.779 -6.652 4.334 -6.296 4.396 -6.656
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Fig. 8: Stress Points and Self-weight Construction Stages

Stress Time Histories

Time history of principal stresses (S1 & S3) for nodal points designated as D, E, D’ and E’ for
DE2 load combinations and each of seismic input series 1 to 3 are given separately in Fig. 9. It
IS worth to emphasize that direct integration method was employed to solve equilibrium
equations at each time step. Rayleigh damping model with coefficients a=1.1 sand p=0.001 s
was utilized. As depicted in Fig. 1, this leads to a damping ratio of 5.5~6.5% in frequency range
of 1.5~15 Hz. For an MCE event, average damping ratio of at least 7% is more reasonable.
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Fig. 9: (S1 & S3) Principal Stress Time Histories and Biaxial Failure Envelope

Rocking Block Stability

Linear dynamic analysis results revealed development of high tensile arch stresses in the crest
central part of dam. Since, tensile strength of grouted cement in vertical contraction joints is
too low, they would open and undergo alternating phases of opening and closing during an
earthquake. Within context of a nonlinear analysis and modeling of contraction joints as contact
surfaces it could be shown that following joint opening high tensile arch stresses transform to
high transitory cantilever stresses leading to formation of horizontal cracks at lower lifts. Crack
formation of this type is inevitable as the stresses are much higher than tensile strength of lift
joints where for well-prepared lift surfaces (green cutting, etc.) is about 80~90% of intact
concrete. Stability control of the detached blocks against sliding and rocking is of main concern.
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It is carried out for a central block but with several different heights. Shear strength parameters
at base of rocking block are taken c=0 and ¢=63°. Minimum acceptable factors of safety against
sliding and overturning are assumed 1.0 and 1.1, respectively. Considering nonlinear analysis
results of similar projects a maximum joint opening of about 3 mm is expected. Block instability
could be initiated at much lower amount of joint opening.

The results of block stability check considering abovementioned site specific PGA values are
submitted in Tab. 3. To assess order of magnitudes, peak values of (absolute) acceleration in
Y-component are found at base level of blocks. In 1st block ah=3.32g was calculated and in 4th
one ah=1.46¢g. Reduction factor (2/3) was imposed on calculated in situ acceleration (ah) but
resulting factors of safety were quite low and unacceptable.

Tab. 3: Free Standing Block Stability

. Block Height [m] L i
Acting Forces Equilibrium Diagram
8.500 17.000 30.815 44.630
Block Base Elevation [masl] 1600.500 | 1592.000 | 1578.185 | 1564.370
Block Base Thickness [m] 7.361 10.007 13.356 15.963 = e
Block Cross Section Area [m?] 50.448 124.259 285.633 488.154
Horizontal Seismic Coefficient, C, 0.159 0.159 0.159 0.159
Vertical Seismic Coefficient, C, 0.106 0.106 0.106 0.106 n
Self-Weight, PP [kN] 1210.752 | 2982.216 | 6855.192 | 11715.696 { /} / :
Hydrostatic Force, W [kN] 148.376 961.380 | 3794.872 | 8500.644 —=T1 e A I I
Uplift Force, SP [kN] -198.581 -687.181 | -1822.193 | -3259.567
Horizontal Earthquake Force, Qp, [kN] -192.535 -474.236 | -1090.122 | -1863.046 _ .
Vertical Earthquake Force, Q, [kN] -128.357 -316.157 -726.748 | -1242.031 | I'
Factor of Safety against Sliding Unstable 8.0 3.1 21
Factor of Safety against Overturning 3.2 3.1 3.4 3.8
Conclusion

Seismic Safety evaluation of Luzzone dam has been made and related analysis results were
prepared as per requested by Formulators. Regarding static loads, local safety criteria are
fulfilled all over the dam wall except at downstream toe where tensile strength criterion was
violated. Dynamic analysis results revealed high tensile arch stresses at upper part of dam that
are quite far above the tensile strength of grouted contraction joints. Opening of joints release
arch stresses resulting to tensile cantilever stresses that cause formation of horizontal cracks at
cantilever base. Stability checks was carried out to find factors of safety against sliding and
overturning. This approach is quite conservative since frictional effects of contraction joints on
both sides and interlocking of shear keys (if it exists) are ignored. Acceptable results were
achieved but only for base acceleration (PGA) values.

Only by modeling of dam vertical contraction joints and/or rock interface zone as contact
surfaces and resort to nonlinear analysis these stress uncertainties could be uncovered properly.
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Seismic Safety Assessment of the Luzzone Arch Dam

Simon-Nicolas Roth! and Martin Roberge?
'Hydro-Québec Production, 75 boul. René-Lévesque O., Montréal, Québec, Canada, H2Z 1A4

ABSTRACT: The seismic safety assessment of Luzzone arch dam (224 m) is achieved considering a
combination of thermal, hydrostatic, self-weight and seismic loads. Because these loads have different
rates of application as well as time-dependence (creep) the combination needs to take into consideration
the deformation modulus (sustained, instantaneous or dynamic modulus) related to a specific load to
compute the state of stress and displacement of the structure. This combination is accomplished using a
linear combination of the stress / displacement resulting from the analysis carried out for each load
associated with its corresponding deformation modulus. The stability of different blocks located in the
top center of the dam is verified using three different methods. The first method uses a free body diagram
to compute the sliding and overturning safety factors without considering lateral confinement. The
second method uses the integration of the stress field obtained from the finite element results and
considers the effect of lateral confinement. Finally, the last method uses nonlinear Mohr-Coulomb
elements located in the contraction joints as well as is in the base of the four center cantilevers to study
the displacement and rotation of these blocks during an earthquake. From the comparison of these
approaches, it is concluded that for arch dams, neglecting lateral confinement may result in over
conservative factors of safety. The largest displacement computed with the nonlinear model is 91 cm,
which is small compared to the block thickness of 7.4 m. This analysis showed that the top blocks neither
overturn nor fall.

E-mail: roth.simon-nicolas@hydro.qc.ca, roberge.martin@hydro.gc.ca

Introduction

The object of this work is the seismic verification of Luzzone arch dam, theme A of the 13th
ICOLD Benchmark Workshop on Numerical Analysis of Dams [1]. This benchmark case study
is modeled with ANSYS 16.0 software and with an in-house post-processing code. The finite
element mesh of the structure-foundation-reservoir system is refined compare to the one
provided by the formulators for the purpose of capturing nonlinear effects. Static analyses are
performed considering phased construction to define self-weight loads, hydrostatic loading and
a simplified temperature gradient for the summer conditions taking into consideration the
reference contraction joint closure temperatures. The seismic analysis is performed in two main
steps. The first step consists in determining and evaluating the dynamic characteristics of the
dam-foundation-reservoir system (natural frequencies, natural modes of vibration and modal
participation factors). The second step is to perform dynamic analyses in the time domain using
three independent spectrum-compatible acceleration time histories. The different load
combinations are performed using a linear combination of the stress/displacement resulting
from the analysis carried out for each load associated with its corresponding deformation
modulus. Because these loads have different rate of application as well as time-dependence
(creep) the combination needs to take into consideration the deformation modulus (sustained,
instantaneous or dynamic modulus) related to a specific load to compute the state of stress and
displacement of the structure. A sliding and overturning seismic stability analysis is done for
different blocks located in the top center of the dam. This stability analysis considers a
progressive approach: (1) use of a 2D free body diagram to compute the sliding and overturning
safety factors without considering the lateral confinement, (2) use of stress field integration
obtained from the finite element results with consideration of lateral confinement effects and
(3) use of nonlinear Mohr-Coulomb elements located in the contraction joints as well as in the
base of the four center cantilevers to estimate the blocks displacements/rotations. Finally, a
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discussion about the computed displacements, stresses and rocking block stability of the dam
is presented as well as the conclusions about the global safety of the structure.

Model

The mesh is constructed using 105299 nodes and 190888 elements. The reservoir (22263
elements) is meshed with hexahedral acoustic elements. The dam body (44016 elements) and
the transition zone between the rock-concrete interface (8904 elements) are composed of
trilinear hexahedral enhanced strain elements. The rock foundation (115705 elements) is
meshed with constant stress tetrahedral elements. Eight elements are used in the thickness
direction of the dam to capture nonlinear effects (lift joint openings and displacements). The
finite element mesh is shown in Fig. 1 with its corresponding dimensions.
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Fig. 1: (a) Three-dimensional view of dam-rock-reservoir system, (b) finite element mesh of
the dam body with rock-concrete transition zone (dimensions in meters)

Materials

According to Raphael [2], under sustained static loading conditions, the effects of creep on
mass concrete may be important and generally can be considered by determining a sustained
modulus of elasticity taken as approximately two-thirds of the tested value of the instantaneous
modulus of elasticity. Creep effects also results in substantial losses in thermal-induced force,
with decays in force of about 40% in as little time as 24 hours [3]. This reduction in stiffness is
due to micro-cracking and thermal creep and causes rapid decays in the restraint forces
developed by thermal loads. Thus stresses and displacements caused by self-weight, silt
pressure and thermal load should be computed using the sustained modulus of elasticity. For a
reservoir with a large drawdown, the hydrostatic load is constantly varying. Therefore creep
effects are small and the instantaneous static modulus should be used to compute the
displacements caused by hydrostatic loading. Note that this should normally be calibrated with
field data, however in the absence of such data, no calibration was performed. Finally, for short
duration loading such as earthquakes, the modulus to be considered is the dynamic modulus. In
the absence of measured data the dynamic modulus may be estimated by increasing the
laboratory value of the instantaneous modulus by 20 to 30 percent. Material properties used in
the model are given in Tab. 1.
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Tab. 1: Model material parameters

) Value
Properties :
Old concrete | New concrete | Foundation
Density [t/m?] 2.5 2.4 0.0
Deformation modulus [GPa] - - 18.6
Sustained static modulus of elasticity [GPa] 13.3 12.0 -
Instantaneous static modulus of elasticity [GPa] 20.0 18.0 -
Dynamic modulus of elasticity [GPa] 25.0 22,5 23.3
Poisson’s ratio 0.18 0.18 0.20
Thermal expansion [1/°C] 10 10 10
Static compressive strength [MPa] 38.0 32.0 -
Dynamic compressive strength [MPa] 57.0 48.0 -
Static tensile strength [MPa] 3.0 2.3 -
Dynamic tensile strength [MPa] 4.0 35 -
Friction angle 63° 63° -

Self-weight load

Construction phase effects are computed using an orthotropic material model in which the
modulus in the dam’s tangential direction and its related shear modulus are reduced. The dam
was built in four stages (1960, 1961, 1962 and heightening in 1999). It was assumed that the
cantilever blocks were grouted at the end of the construction in 1962. Thus the stresses are
saved after this first phase of construction. Similarly, in the second phase of construction
orthotropic properties are applied for the heightened portion of the dam while the part built in
the first phase, as it was previously grouted, is considered isotropic and massless. The stresses
obtained from this second phase are added to those of the first phase to give the total stress
caused by self-weight. These stresses are added during post-processing of the model, thus the
displacements caused by self-weight are zero. The maximum compressive principal stress is
given for the upstream of the dam is given in Fig. 2. The upstream and downstream maximum
and minimum principal stresses in cross section 1 (Fig. 1b) are given in Fig. 3. As expected, the
principal stress is zero in this section and the principal compressive stress is maximum at the
heel of the dam and decreases gradually to zero with elevation.
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Fig. 3: Principal stress cross section 1
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Thermal load

To simplify the temperature distribution computation in the dam body, it was computed using
steady state conditions. Normally, the temperature distribution should be computed using
transient conditions given the high thermal inertia of dams. Fig. 4 gives the temperature gradient
distribution in cross section 1 (corresponding to the difference between the computed
temperature and the closure temperature) for summer and winter conditions. The temperatures
applied on the dam face boundaries are given in Fig. 5 as well as the grouting temperature as a
function of dam elevation. Rock foundation is considered to have adiabatic conditions.
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Fig. 5: Temperature applied on the
dam face boundaries

Fig. 4: Summer (left) and winter (right) tempe-
rature gradient distribution at cross section 1

Hydrostatic and silt loads

The hydrostatic pressure applied on the upstream face of the dam corresponds to the maximum
normal operating water level with elevation 1606 m and has a density of 1000 kg/m3. Silt
pressure is added to the hydrostatic pressure on the 55 first meters of upstream face of the dam
(corresponding to elevation 1440 m) with a buoyant density to amount 400 kg/m?.

Dam water interaction

Dam water interaction is modeled using acoustic elements. The effects of surface waves
(sloshing effects) which are known to be small, are neglected. Therefore the pressure boundary
condition at the free surface is zero. The reservoir bottom and the truncated vertical plane at the
upstream end are assumed to be rigid. Thus, the ground motion is not applied to the reservoir
bottom and no special radiation damping condition due to propagation of pressure waves in the
upstream direction is considered. The truncated upstream plane is located at a distance of three
times the water depth from the face of the dam. According to studies, this is enough to not affect
the hydrodynamic pressure on the dam upstream face.

Dam foundation interaction

A massless foundation model is used where only the flexibility of the foundation rock is
considered while its inertia is neglected. In the absence of wave propagation in the rock, the
earthquake motions recorded on the ground surface are applied directly at the fixed boundaries
of the foundation model.
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Transient seismic loads
The safety of the dam is evaluated for an earthquake with a return period of 10 000 years. Three
sets of maximum credible earthquake (MCE), stochastically independent, acceleration time-
histories were provided. The time step is 0.01 second and the total duration for the three sets is
30.71 seconds giving a total number of 3072 time steps. The acceleration time histories are
compatible with structures founded on rock and damping equal to 5%. Scaling factors given in
Tab. 2 are applied to the acceleration time histories to obtain the following peak ground
acceleration (PGA) values:

e Cross-valley direction (X - Direction) : +0.160g

e Vertically upwards (Y - Direction) : +0.106g (2/3 the horizontal components)

e Downstream-upstream (Z - direction): +0.160g

Tab. 2: Scaling factors applied on time history data

Direction MCE1 | MCE2 | MCE3
X - Cross-valley 1.32 -1.51 1.52
Y - Vertical -1.14 0.92 -1.01
Z - Downstream 1.72 -1.63 1.38

A baseline correction was applied on each time histories to make sure the final displacement is
close to zero.

Load combination method

Earthquakes induce instant dynamic loads on structures that possess initial static loads.
Assuming that the structural integrity is not altered, static loads should be kept constant during
the whole duration of the earthquake. Therefore, during an earthquake, the dam is
simultaneously subjected to static loads and dynamic loads which are associated with different
modulus of elasticity. Thus, the approach adopted to properly combine stress and displacements
resulting from these loads should be carefully defined. Given the elasticity equation:

V'(Ev'ﬁ):v'ainit+ﬁmt+ﬁody (l)

with £ the modulus of elasticity, @ the displacement field, 0, the initial stress tensor and

fewt, Jrody respectively the external and body loads. If 0, is computed with a modulus £, and
imposed as initial stress on the same problem but using E» (E, # E-), the displacement field
computed with E, will not be equal to the displacement field computed with E;. This suggest
the combination of stress and displacements during post-processing instead of imposing initial
stress in the finite element problem. This proposed approach was used in the present analysis.
Hence, given that loads are associated either with sustained, instantaneous or dynamic modulus
of elasticity, the stress/displacements resulting from these three analyses are linearly combined
during post-processing achieved with an internal computer code.

Results

Static linear-elastic response analysis

Figures 6 and 7 give the maximum principal stress on the upstream and the downstream faces
for a summer case at normal water level (NWL) corresponding to 1606 m. At the dam heel,
tensile stresses are present, therefore the dam-rock interface must be examined. Because no
piezometric data is provided and rock/concrete interface strength is not known, the
rock/concrete interface will be assumed closed. Figures 8 and 9 show the minimum principal
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stress on the upstream and the downstream faces. The maximum principal compressive stress
remains below the compressive strength.
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Natural frequencies and mode shapes

The first twelve natural frequencies of the dam-foundation-reservoir system for the cases of
empty and full reservoir (incompressible and compressible) are given in Tab. 3 with their
corresponding effective modal mass percentage. The effective mass computed with the fluid-
structure interaction model corresponds to the ratio of the mass excited for a specific mode over
the total mass excited for a large number of modes. Approximately 250 modes were required
to reach a constant excited cumulative mass fraction. For models considering empty and
incompressible reservoir, the sum of the mass excited for the twelve first modes exceeds 70%.
When considering water compressibility, the sum of mass excited for vertical and cross-valley
directions are below 35%. It is only when considering the first 25 modes that the sum of the
effective mass reaches over 70%. Finally, the first natural frequency obtained with empty

reservoir is higher than the estimated reservoir natural frequency given by Jfr = 1451/(3.4H)
[4], therefore water compressibility will be considered for the following time-history analysis.
Fig. 10 shows the twelve first mode shapes corresponding to the analysis using water
compressibility.

Mode 3: 1.81 Hz

Mode 1: 1.50 Hz Mode 2: 1.51 Hz

Fig. 10: Mode shapes 1-12
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Mode 7: 3.11 Hz

Mode 10: 3.36 Hz

Fig. 10: Mode shapes 1-12 (cont.)

Mode 11:3.74 Hz

Tab. 3: Natural frequencies

Mode 9: 3.35 Hz

Mode 12: 4.00 Hz

Empty Reservoir Full Reservoir Incompressible | Full Reservoir Compressible

§ Freq. Effective Mass Freq. Effective Mass Freq, Effective Mass

> Percent Percent Percent
fHz | X,2% Y, % Z%  fHz | X, Y,% Z % | fHz | X, % Y,% Z %
1 1962 | 878 005 006 | 1518 | 1432 0.14 040 | 1501 H 1356 0.26 17.27
2 2.084 | 0.18 0.93 2462 | 1561 | 0.20 0.00 39.87 | 1.514 | 226 0.00 33.48
3 2964 | 0.07 079 7.88 | 2319 034 044 1213 | 1.806 | 0.00 0.00 0.00
4 3729 | 0.09 9.16 1443 | 2.843 | 0.16 2.83 19.83 | 2.177 | 0.19 06 17.01
5 389 | 031 038 1.08 | 3156 | 1.34 000 028 | 2348 | 021 0.00 0.67
6 | 4367 | 2871 000 020 | 3585 | 1951 000 000 | 2713 | 000 066 6.06
7 | 4879 | 010 127 211 | 4049 | 021 000 139 | 3.106 | 298 0.00 0.00
8 5164 | 1.04 56.17 154 | 4653 | 0.00 218 4.03 | 3296 | 206 128 1.86
9 5739 | 2528 1.64 143 | 4764 | 056 1661 1.83 | 3.347 | 0.00 0.00 0.00
10 | 5869 | 584 050 278 | 5010 | 055 000 020 | 3361|1252 0.17 0.38
11 | 5957 | 011 003 001 |5051| 083 4999 676 |3.735| 000 059 0.00
12 | 6176 | 218 155 1463 | 5483 | 3476 102 020 | 3.995 | 031 023 196
> 7268 72.48 70.79 z 7277 7321 86.92 z 3410 379 78.69
Damping

Damping is represented by a mass and stiffness proportional damping matrix (Rayleigh
damping). A damping of 5% is evaluated from the knowledge of two modes (1 and 30). Mode
30 is the last mode that contributes significantly to the dynamic response. With the selected
modes, the coefficient a corresponding to the mass proportional damping coefficient is «
=0.757214 for the dam. The coefficient /5 corresponding to the stiffness proportional coefficient
is 5=0.002091 for the dam and $=0.010601 for the foundation. Fig. 11 shows the damping as
a function of the frequency. The crosses on the graphs are the different modal frequencies, and
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the right axis represents the cumulative effective mass. This figure indicates that over 75% of
the effective mass has a damping between 4 and 5%.
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Fig. 11: Rayleigh damping

Combined dynamic-static loads displacements analysis

The relative radial displacement (Z component) time histories at the crest of the central section
of the dam (point B, see Fig. 1b) due to the investigated combined static-dynamic loads are
shown in Fig. 12.
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Fig. 12: Displacement time histories point B
The minimum and the maximum radial displacement envelopes, as well as the static load
displacements (without self-weight) for cross section 1, cross section 2 and cross section 3 are
shown in Figures 13 to 15.
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Combined loads stress analysis

The computed maximum and the minimum principal stresses for the upstream and for the
downstream faces of the dam from all the investigated dynamic load combinations are shown
in Figures 16 to 19. Principal stresses exceeding the tensile strength appear on the upstream as
well as on the downstream face suggesting that cracking should occur. There is also an area at
the rock concrete interface on the right bank where a high level of tensile stress is computed.

This zone should carefully be examined. The maximum principal compressive stresses remain
below the dynamic compressive strength.
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Using a local fixed anisotropic damage model [5] implemented in ANSYS as a USERMAT,
the MCEL1 acceleration time-histories were used to define the crack pattern. Mesh objectivity
requirements are satisfied by introducing a regularization based on the energy equivalence.
Because the concrete has a high dynamic tensile strength, the representative volume element
characteristic length ... = 2EGr/f? is small compared to the size of the structure and the
mesh used was not able to fulfill the characteristic length requirements. Therefore, an
adjustment was made to the regularization parameter such that it is based on a f; of 1.25 MPa
with a fracture energy of 150 N/m. The level of damage (0: undamaged, 1: completely
damaged) corresponding to £ = F (1 — d)* (F and E are respectively the undamaged and
damaged modulus) is given in Figures 20 and 21. Horizontal cracks develop at the top center
of the dam. Upstream and downstream horizontal cracks connect together at level 1560 m.
These cracks should be carefully examined during post-seismic analyses as uplift pressure
should develop. The large zones of damage (downstream right and left banks) are zones of
distributed cracks located only on the surface of the dam.
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Fig. 20: Upstream damage Fig. 21: Downstrea