ICOLD CiGB
2 CONGRESS 27=*= CONGRES

90™ ANNUAL 90tMEREUNION
MEETING ANNUELLE

New ICOLD Bulletin Prepared by Technical Committee A
COMPUTATIONAL ASPECTS OF ANALYSIS AND DESIGN OF D28)S (2020

Non-Linear Modelling of Concrete Dams
A new ICOLD bulletin under completion

NON-LINEAR MODELLING OF CONCRETE
DAMS

M. Hassanzadeh, R. Gunn and A. Frigerio

T T

<

A u.l-,“m--_..-. TR P A




New ICOLD Bulletin Prepared by Technical CommitteeGMPUTATIONAL ASPECTS OF ANALYSIS AND DESIGN OF D23)IS (2020
Non-LinearModelling of ConcreteDams

MARSEILLE

The ICOLD Bulletin on
Non-Linear Modelling of Concrete Dams (NLMCD)

v )
Authors:
Francisco Lopez Australia
Antonella Frigerio ltaly
Massimo Meghella Italy
Manouchehr Hassanzadeh Sweden
Richard Malm Sweden
Fredrik Johansson Sweden

Russell Gunn Switzerland




New ICOLD Bulletin Prepared by Technical CommitteeGMPUTATIONAL ASPECTS OF ANALYSIS AND DESIGN OF D23)IS (2020
Non-LinearModelling of ConcreteDams

MARSEILLE

The principal scopes of the bulletin

A Procedures to take into account the ndinear behaviour of
o constituent materials (material nelnearity),
o joints (existing naturally occurring and/or pre/pesirmed),
o cracks (interface nofinearity) and
o supporting structures and foundations.

caused by mechanical, physical and chenpoatesses such a&kternal loads,
restraints and degradation processes.

Procedures and tools to solve ndinear static, and notinear dynamic analyses
Specify minimum requirements for selection of softwares

Guidelines for selection of material parameter values for-inaar analysis

The bulletin disregards geometric nonlinearity

To Do Do To
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Content of the bulletin

Main chapters and examples of subchapters

Chap. 2Why and when NLMCD is needed
Chap. 3 Types of structural nonlinearities

Boundary nonlinearities; Material nonlinearities

Chap. 4 Solution methods

Nontlinear static and dynamic analysis; incremental iterative
solution

Chap. 5 Finite element codes for nbnear
modelling

Finite element codes used in past benchmarks: pre
processing & modelling strategy; analysis and {post
processing
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Chap. 6 Selection of material parameter values for
practical NLMCD

Material parameters derived from dam surveillance and
monitoring; Material parameters derived from laboratory
tests; Material parameters for structural interfaces.

Chap. 7 NLMCD examples and case histories

1) BW 14 cracking of a concrete arch dam due to seasonal
temperature variation.

2) Remedial design of cracked dam monoliths subjected to
large posttensioning, flood and earthquake forces.

XXX DD
puXo
Chap. 8 Conclusions
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Nonlinear behaviour
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Structural nonrlinear behaviour caused by
material nonlinearity in tension
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Tensile test setup Test results Additional displacement due Stress displacement
to formation of fracture zone curve of fracture zone

Non-linear material behaviour in a displacement controlled tensile test.
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Structural nonlinear behaviour caused by material nbnearity
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Non-linear material behaviour in a displacement controlled tensile test.
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Structural nonlinear behaviour caused by material nbnearity
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Nonlinear material behaviour in a displacement controlled tensile an shear test.
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Structural nonlinear behaviour caused by material nbnearity
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Non-linear material behaviour in a displacement controlled tensile an shear test.
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Chap. 3 Types of structural nonlinearities
Boundary and Material nchnearities

The bulletin deals with

Boundary nonlinearities
A Vertical contraction joints between cantilever blocks (monoliths)
A Concrete horizontal lift (construction) joints
A Nonlinearity at the darfoundation interface

Material non-linearities
A Concrete in tension
A Concrete in compression
A Rock foundation
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Boundary noHinearities

Deals with modelling of the transition zone between to parts of a structure, between two
elements of a structure or between two different structures.

A The transition zone is subjected to sliding as well as separation (opening and closing).
A The transition zone appears in the following structural parts:

o Vertical contraction joints between cantilever blocks (monoliths)

o Concrete horizontal lift (construction) joints

o The interface between the concrete dam and its foundation
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Constitutive model for a typical joint element

Altis an elastigerfectly plastic model, | () o (b) R

with no tensile strength in the normal shear

direction normal to the joint element. e ane
AWhen the joint is separated, neither tension " X

shear stresses nor normal stresses are T ‘ = ;

transmitted across the joint. ! normal strain €, shear strain ¢,
A0 and0 are constant whert T . compression T

. . [ Kn '
ASliding occur whert 1 andv Tt
1
contact #——> separation
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Constitutive model for vertical contraction joints

A The spacing of vertical contractions joints is controlled by temperature
requirements and construction constraints but are usually around 15 m apart.

A The contraction joints are usually grouted before the first filling of the reservoir.

A Some contraction joints may include shear keys to provide additional sliding
resistance by engaging adjacent monoliths.
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Constitutive model for the vertical contraction joints

N = normal stress transmitted across the contraction joint v q

' =relative displacements between both sides of the
contraction joint.

'Q = normal stiffness
N = tensile strength

The tensile strength is set to zero to
represent an ungrouted contraction joint.

Shear keys may also be needed if the joints are expected to
open a significant amount and/or significant shear is
expected to be transferred between monoliths. If shear keys
are to be included, the constitutive model of the contraction
joint needs to account for the tangential stiffnesQ)
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A The peak shear strength is the
peak strength on a bonded
sample.

A The sliding friction strength is
the peak strength on an
unbonded sample.

A The residual strength is reached
following large displacements.
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Constitutive models for lift jointg shear strength

PEAK SHEAR STRENGTH
! (OR BREAK BOND STRENGTH)

/— BONDED SPECIMEN

SLIDING FRICTION STRENGTH

SHEAR STRESS

_——

XRESIDUAL STRENGTH

‘ k UNBONDED

SPECIMEN

HORIZONTAL DISPLACEMENT

a) Shear Stress - Displacement Curve

‘ MOHR ENVELOPE
OF PEAK STRENGTHS

SHEAR STRESS

COHESION

MOHR ENVELOPE OF
/ RESIDUAL STRENGTHS

e ! UNCONFINED COMPRESSIVE
/ STRENGTH
il <= —
NORMAL STRESS RANGE BELOW DAM NORMAL
STRESS STRESS
(TENSION) (COMPRESSION)
b) Shear Stress - Normal Stress
Curve for Intact Sample

The shear stress vs. displacement and shear stress vs. normal stress curves for

bonded and unbonded lift joints.
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Constitutive models for lift jointg bi-/trilinear models

A 1-Ca4 bonded and unbonded concrete lift

joints with initial cohesion. _ @
A 1-3-4  bilinear relationship for lift joints ©-®
without initial cohesion, no cohesior 0-0 On
" . T On 21 3 I 28
A 1-2-3-4 trilinear relationship for lift joints IZEL Ca [, TG{;,C
withoutz Initial cohesion, no cohesior £= o tanth+1 @/ ; G,

"o Ol ' 6 *to mobilise Ca
. 0-0
1O
T
> T

T =0, tan(})
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Constitutive models for lift

Uncracked failure envelope Stress vs. displacement relationships

joints ¢ multi-stage model . /
Tt uUHOo,

MODE |

A Uncracked stagedefined by the tensile strengtif) the Y
cohesiont , and the friction coefficient, . f, o,
A Partially cracked stagéeither due to tension or shear): |

Partially cracked failure envelope

the behaviour follows a classic&l and"O fracture
energybased model; the damage is computed from

the damage indel,, for tension oDl for shear; and ‘ -

the normal and shear joint stiffnessas,and0 A~ w(1-DI)

respectively, decrease with increasing damage. £(1-DI) On =
A Fully cracked stagehe tensile strength is zero, and the | | :

shear strength is a function of the normal stress and T 1 e

the shear displacement. | =T | eeeeent
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Nonlinearity at the darfoundation interface

The interaction between the dam and the bedrock is governed by

AGKS RIY a0NHz00dzZNBEQa RSa Azly YR aAl ST FTyR (KS

AGKS 0SRNRO1 Qa4 YSOKIFYAO LINR LISNIIASas SEAalAy3
0 SRNRO]TQa ONIO1&asz I'yR

A the mechanical and geometrical properties of the transition zone between the dam structure
and the bedrock.
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Nonlinearity at the darfoundation interface

Mechanically, the interaction between the dam B e et el ity Bty Rt SE R e E Riin nlle St ettty
structure and the bedrock can be considered as | Conprete : | Cﬁ”krete |
follows: i Nadl . i 2 |
| \/\ ocalprincipal Sﬂ‘@ﬁﬁ?s | 7 p |
a. There is no transition zone between the dam —|i- :F——L' X 7 Transiion zone I
structure and the bedrock, that is, there is arigid | ~»/ i A p i
connection between the dam and the bedrock. }7\ | : > |
. . . i | | TN |
b. There is a transition zone in between the dam --i-R-°-°+--- _dedodog o Rl do ol
structure and the bedrock, with its own set of | «Elobal stresses | I |
mechanical properties.
A Mode |

A Mode Il and mixed mode | and 1|
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Nonlinearity at the darfoundation interface

Configuration of the transition zone e,

Rock Excavated rock contour Theoretical damage zone C
ion cl oncrete Limitofthe
excavation class Measure (a) Measure (b) i
theoretical
Wall Bottom Wall Bottom damagezone
A B A B ~ ~
1 0.1 0.3 0.2 0.5 - -
2 0.3 0.4 0.3 0.7 = o 2 Excavation limit
3 06 07 05 11 eoretical rock contour
4 0.8 1.0 1.1 1.7 ' Excavatedrock
5 ) ) ) -1 contour
Note: Rock excavation class is indicated by a number (1-5) in combination with a letter (A or B) for the part to
which the requirement applies. For only the specified number, the specified rock excavation class applies to both )
slope / wall and bottom. .
1) Excavated rock contour should be outside the theoretical rock contour. - Rock
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Nonlinearity at the darfoundation interface

Constitutive model for the transition zorgea damageplasticity model

Ka? g
A0-DuKa?

2 ‘ Un
K0 Unp llne
0

(a) under pure normal stress

o )
(1-Ds)Ks"us - Dy 0n tané
shear (0 <0)
shear (7 20) K< (1-DyKs"
' -0a tan
A s
5, S 2 e W us Friciional
On tan® stress
(1-Dg)Ks"us +
D o tan®

(b) under shear stress with normal stress
Nie et. al. (2022)
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Nonlinearity at the darfoundation interface

An experimental example

200 mm -

—_—

T

Loading condition and geometry of the Concrete was cast on Rough or smooth rock surfaces,
specimen 200 mm x 200 mm x 140 mm, Krounis et.al. (2016).
Krounis et.al. (2016).
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Nonlinearity at the darfoundation interface

An experimental example

5.0
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Shear stress, 7 (MPa)

=
i L

T
0.0 1.0 2.0 3.0 4.0
Shear displacement, J, (mm)

Typical shear stregslisplacement curves for
bonded samples with rough rock surfaces, at
0.8 MPa normal stress, Krounis et.al. (2016).
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Shear stress, T (MPa)
Shear stress, 7 (MPa)

oo 0.0 e
0.0 1.0 2.0 3.0 4.0 0.0 1.0 2.0 3.0 4.0
Shear displacement, J, (mm) Shear displacement, d, (mm)

(a) (b)

Typical shear stregslisplacement curves for unbonded
samples with (a) rough and (b) smooth rock surfaces, at 0.8
MPa normal stress, Krounis et.al. (2016).
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Nonlinearity at the darfoundation interface

An experimental example

=
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Shear strength, o, (MPa)

o
=}

Shear vs normal strengﬂBestU U auNJF ATl 0,0 1,0 20 30 4.0
on the results of experiments, ¢ = 3.0 MPa and

n .= 54.2, Krounis et.al. (2016). Normal stress, G, (MPa)
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Material nonlinearityc concrete In tension

Models and material relationships are o Ot
based on Eurocode and model code

Undamaged material
b} ) !O = - =

Damaged materiat linear,, O curve
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Material nonlinearityc concrete In tension

Models and material relationships are
based on Eurocode and model code

N g Y
Undamaged material

T o 042

Damaged materiat linear,, O curve
o 0 x@(Q)®
, <p ,—> Q - -, U
v "QQ = mean compressive strength MPa
¥ C—
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Material nonlinearityc concrete Iin tensiorg strain rate effects

Blast effects

Earthquake and induced shocks

. : Vehicle Airplane Hard impact
Qree stat
P e e impact | (missle, rock falls) Srain rate 1
| 1 ] ] ] | | | | | | ] 1 | =
| 1 |?. 1 |_ | 1 |2 I1 1 I1 | 1 |
10° 10° 10° 10° 10°  10° 10° 10° 10° 10 10 10° 10° 10

lllustration of the strain rates corresponding to the different loading effects
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Material nonlinearityc concrete Iin tensiorg strain rate effects

. o(N/mm?)
. : The deformation in the figure varies between the slow
i 0 ft  Opeak Gf L :
e (mm/s) (N/mm2) (10°%m) (N/m)|  rates of quasstatic loading and the slow rates of hard

4 -!!;,' '."\.‘ —— 15 10° 33 13 16 impact loading. The stain rate range in the figure covers

i “\.\. ——— 250 107 48 17 172 more than 60 % of the rate range of the earthquake and

; :
\\ e 150 55 17 313 induced shocks.

The influence of the deformation rate on uniaxial
stressdeformation curve.
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Material nonlinearity ¢ concrete In tensior strain rate effects

‘ 00 In some codes and references tensile strength and

a ol modulus of elasticity are given as functions of strain
rates. For a givetr , which is assumed not to be

Characteristic lengtha( , m) is a measure affected by the strain rate, th&® and0 can be

2T UKS YIFUSNRAIf Qa 0 NAcaldulbtea yirbtiasanvdy tHe EompldfersideBsS NJ

the a the less is the brittleness. deformation relationship of the material, as a

The test results show that the is function of the strain rate, can be determined and

negligibly affected by the strain rate. be used for a notlinear analysis.

The nonlinear behaviour of concrete in the cases of creep -tyele fatigue and
some deqgradation processes have been treated in a similar way in the bulletin.
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Material nonlinearity ¢ concrete in tension
unloading and reloading

Y ottt to

Loading cycle

il iy

o e ™
) e e e

—
p— - .

i {Gd ™~ Softening zone
>3
/ L e

Post peak tensile behaviour of concrete including Assumed stress distribution near a crack; before
unloading and reloading, Hordijk (1992). and after a loading cycle, Hordijk (1992).

FURp e A TR W




MARSEILLE

New ICOLD Bulletin Prepared by Technical CommitteeGMPUTATIONAL ASPECTS OF ANALYSIS AND DESIGN OF D23)IS (2020
Non-LinearModelling of ConcreteDams

Material nonlinearity ¢ concrete in tension
unloading and reloading

Gct Gct
A A
fC‘L‘ A fct

Monotonic increasing deformation
Envelope of cyclic loading

Stress-deformation relation of the fracture zone subjected Secant unloading and reloading, the simplest
to the monotonic increasing deformation, Hordijk (1992). model.
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Constitutive laws for rock foundations

A The rock mass behaviour is strongly related to the joint spacing and the number of
joints.
A For each unique rock mass there exists a specific volume of the rock mass where the

behaviour becomes stationary, this volume is usually referred to as the
Representative Elementary Volume (REV).

A The behaviour of the rock mass is related to the scale or size of the structure founded
on the rock.

A The foundation area against the rock foundation for most dams is usually larger than
the REV and an idealization of the rock mass into a continuous material are usually
acceptable.
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Constitutive laws for rock foundations

£= Isotropic lineatelastic model
where
v ) o 1 11"' m 0 0 8 ¥ o o)
11997 n-m - 1m 8 8 0 i N Rt
_ 11aap _ 1 ’m m § — L Jo o
t - 17 g » T = Qn |1 O 0 O 2 1 +’ m O O 1l and G [ PRRYK]
H g g 0 O 0 21+, 0 n g 1
U e uo 0 O 0 0 21+, U Ufee, U

Emi s t he nodulus fgrés isotropic rock massand’',,i s t he Poi ssondd
mass.
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Constitutive laws for rock foundations

Nonlinear behavioug Elasteplastic model

el2lo) o (0) q

0 - - £
A Yield criterion Q Hl) TT ]
. I "Owi QQ& W Q& Qo Qi
A Flow rule (G, Al m _ baideabd o a Qi
A Hardening rule O T_" . O mOowi QQ¢& Q¢ "Q
I

@)
'O 10 Qi "QOYOWiwd Qw
O T"YE€ Q0 Q& Q& Q

FURp e A TR W




New ICOLD Bulletin Prepared by Technical CommitteeGMPUTATIONAL ASPECTS OF ANALYSIS AND DESIGN OF D23)IS (2020
Non-LinearModelling of ConcreteDams

MARSEILLE

Constitutive laws for rock foundations

Mohr-Coulomb failure criterion

_Si-Si_SitSy

f > sinf_- c_@@osf,_ =0
_S4- 54 5S4t 54 siny Non-associated flow potential
2
, and, = major and minor effective principal stress
f = friction angle of the rock mass
Cn = cohesion
Ym = dilatation angle of the rock mass
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Chap. 4 Solution methods

In a nonlinear static condition, the load and the displacement are not
proportionally related. Therefore, it is not possible to solve the system dfm;
equations:

O U €0

L = tangent stiffness matrix

"G force vector

0= nodal displacement vector

by inversing the stiffness matrix. The stiffness matrix depends on the
displacement. One needs, therefore, to use an iterative solution method. >

Displacement

In the dynamic and transient conditions other causes of-lnogarity are
also added to the abovmentioned condition, for instance damping in the
case of dynamic loading and alteration of the mechanical and physical
properties of the material due to the sustained loading and degradation.

vahaBE _.d....jul..l.l.“.-.-.lt...l-...__-_
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Chap. 4 Solution methods

The bulletin discusses solutions methods for non bSsiG2y wl LIK&2)
linear

A static,

A quasistatic and

A dynamic. g

Displacement

conditions. Iterative methods such as Newtown
Raphson, modified Newton Raphson and-krggth
have been discussed.

Solution methods for quasitatic and dynamic < Arclength method
problem are also discussed. N\

Displacement

>

FURp e A TR W
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Chapter 5 - FE-SOFTWARE AND CAPABILITIES FOR THE NON-LINEAR MODELLING OF CONCRETE DAMS
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C The main objective is to present an overview of finite element codes or
software packages that are frequently used for the non-linear
modelling of concrete dams. In doing so, some of the minimum
software requirements needed to perform the non-linear modelling of
concrete dams and their inherent limitations are exposed.

C The contents are based largely on data collected and collated from past
ICOLD TCA benchmarks performed over 30 years that treat directly or
Indirectly NLMCD.

Note: By indirectly, it is meant that the focus of the benchmark was not
necessarily the nonlinear modelling of concrete dams, but rather some other
phenomenon such as extreme temperature loading or concrete swelling.
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C Geometry based on as-built drawings,

considering: construction change orders &
phases, laser scanning coupled with material
testing, etc. geometric entities, file format
standards, near & far-field zoning, etc.
Material properties with fractile values based
on analysis type (linear, non-linear), calibration
of numerical model (back-analyses) based on
laboratory test results and monitoring data
(sensitivity studies).

FE model dimensions & size: Consideration
dam-foundation-reservoir interaction and
structural features such as joints, rebar, mesh
refinement & objectivity, surveillance
equipment, etc.

Post-processing: Developed view, selective
principal stress plotting, strength zoning,
decision-making tools, etc.

.______v.v ‘
lsaasasss il
L

Fluid domain
(Hydrodynamic forces)

Pressure-
displacement interface
elements

Grout curtain

Solid elements
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Rock types s / I— T

nnnnn

| = =, Size & rate dependent
B Al GRCE A R «apparent tensile strength»
Arch Dam: Typica Biaxial Principal stress orientations & Required Concrete Strength
Zoning
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MARSEILLE ~ seigmicloads: aitical muiti-  Potential Failure/Damage . 6
\mlﬂr&ﬂszﬂmawﬂ Modes (Local & Global)  J3n /
\ K

2
H
i}
g
(]
-
!
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m
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N
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And dam contrel 1T T T oA s [ —
galleries

_____ A - T U 1/cos &
Principal stresses Mearby tunnel/hydregeol ogical
{tension, compression) featurs (eg. Zeuzier)

1-0Overtopping impact on dam and foundation

2 - Increased uplift pressures due to clogging

3 - Grout curtain: problem of erosion

4 - Mode | (tension) horizontal & Mode |l (shear)
oblique cracking

5 - Foundation wed ge/ multi-plans sliding (e.g.
Malpasset)

6 - Rock scouring from Overtopping & outlets

7 -Water line dangar levels: Failure/damage

&2 - Earthquake rocking/sliding of detached blocks
9 - AAR swelling

10 - Pha=sed consfruction (initial strain problems)
11 - Thermal cracking: heatof hydration, seasonal
temperatures variations

12 - Cresp/relaxation/Shrinka ge/AAR

13 - Valley movement due to underground structures
and/orhydrogeological conditions (eg. Zeuzier)

14 -5liding at concrete/ rock interface (2g. Meihua)
15 - Weak foundation zones (g Shahid Rajase)

{red text = global instability, black text = logal instabi ity

POTENTIAL MODES OF FAILURE & DAMAG
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=1 MARSEILLE
A Plasticity (isotropic, orthotropic, visco-plastic)

A Smeared cracking (multi-directional fixed crack, total strain based, Maekawa-Fukuura Model for Concrete, Kotsovos
Concrete Model and others.)

A Viscoelasticity/creep (power law, Maxwell chain, Kelvin chain. etc.)

ACreep and Shrinkage (transient creep at elevated temperatures, uniaxial shrinkage/discrete function (maturity
dependent) and Model Code inputs such as CEB-FIP MC 1990, ACI 209R-92, Korean KCI 2007, Dutch NEN 6720/A4, etc.)

AInterface Behaviour (such as linear and nonlinear elasticity, discrete cracking, crack dilatancy, bond-slip, friction,
combined cracking-shearing-crushing, the Janssen nonlinear relation between bending moment and rotation for line
interfaces to shell elements, and general user-supplied models). In addition, many of these models can be coupled with
other material laws.

A Reinforcement (embedded, bond-slip and many subset constitutive models)
A Model Code Libraries

A Concrete (CEB-FIP Model Code 1990, fib Model Code for Concrete Structures 2010, Eurocode 2 EN 1992-1-1,
American Concrete Institute (ACI) 209R-92, Am. Assoc. of State Highway and Transportation Officials (AASHTO),
Japan Concrete Institute (JCI), Japan Society of Civil Engineers (JSCE), Korea Concrete Institute (KCI) 2007,
NEN 6720/A4, JCSS Probabilistic Model Code)

PREREQUISITES OF SOFTWARE CODES FQ

A Rebar and prestress cables (Eurocode 3 EN 1993-1-1, NEN 6770)
A User-supplied models (Elasticity and Viscoelasticity, Nonlinear Elasticity, Plasticity and Cracking, Shrinkage, Bond-slip, etc.)
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For example, the DYNA-3D software package has 14 types of contact surfaces, of which the most
frequently used:

ll
)l

=4 =9

Tied (Type 2): method used to attach two parts of a finite element model together with differing mesh
refinement.

Sliding with separation and friction (Type 3): is a penalty formulation and allows two parts to be
either initially separate or in contact; large relative motions are permitted, and Coulomb friction is
included but cohesion is not. Surfaces may open or close in a completely arbitrary manner and the
choice of master or slave surface is not important.

Shell edge tied to shell surface (Type 7). is the same as type 2, but only for shell elements.

Tied with failure (Type 9): is a penalty method that ties the surfaces together until a prescribed failure
criterion, based on normal and/or shear failure stress, is reached. Thereafter, the surface functions as a
Type 3.

Shear key contact surface: This is an in-house contact method developed in DYNA-3D by the
Lawrence Livermore National Laboratory (LLNL). The geometry of the shear keys is defined as a sine
wave of given amplitude (depth of the shear key) and length (upstream to downstream spacing of the
shear keys). The contact can open and close. Sliding along the contact is governed by the opening of
the joint and the geometry of the shear keys. The joint slides freely once the height of the shear key is

exceeded by the joint opening.
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The evaluation and interpretation of results obtained following the nonlinear analysis of concrete dams
depends greatly on the post-processing facilities available within the FE code and the modelling strategy applied
in the pre-processing phases of the studies.

For NLMCD it is recommended to consider three-dimensional modelling as a standard practice for gravity as
well as arch dams. Deviation from this recommendation may result in the use of higher factors of safety.

Displacements are perhaps best represented as vector plots with a component breakdown in the upstream-
downstream, tangential and radial directions. These vectors can be overlaid onto contour plots that should be
consistently scaled for the range of loading with the same increments.

Principal stress vectors that overlay stress contours are also practical for evaluation and interpretation
purposes.

Potential failure identification: rocking-sliding blocks, tension, compression, shear and mixed modes.

Plotting vectors on developed views that project the curved dam faces to a reference cylinder, with a suitably
selected in radius that englobes the crest section, that is in turn "opened-up f | .at i

Damage may be portrayed as a scalar or vector and readily plotted with time. As such "damage disks" can be
plotted.

Cracking and crack propagation can be visualised as lines and/or surfaces.

History plots or "videos" are also a vital and in some cases the only way to understand the phenomena. In this
sense, magnified plot histories for seismic and time-dependent effects such as AAR provide the key information

needed to pinpoint the source of load and reaction. “
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Chapter 6 - SELECTION OF MATERIAL PARAMETER VALUES FOR THE PRACTICAL
NON-LINEAR MODELLING OF CONCRETE DAMS

Russell Michael GUNN
Swiss Federal Office of Energy (SFOE)

NON-LINEAR MODELLING OF CONCRETE
DAMS
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This chapter presents an approach that can be adopted for the selection of material
parameters for the practical nonlinear modelling of concrete dams as well as sample
material parameter values collated from the literature and past ICOLD benchmarks (TCA).
The focus is given to mass concrete and structural interfaces and reference to some
reservoir and foundation material properties such as different rock types are provided.
Great importance is given herein to field data and selecting or ascertaining material
properties from laboratory samples extracted from the structure. Due to economic
reasons, more often than not recourse is made to data found in the literature rather than
laboratory test results on the actual structure under review. Moreover, only standard short-
term tests are performed. This might be a false economy especially when performing
NLMCD.

Distinction is made between reversible (linear) and irreversible (nonlinear) movements
noting that we are only addressing material nonlinearity for small displacements.
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Three methods may be used to analyse

measured data and assist in the selection of 20.00
material parameters for the NLMCD: (a) ~ 1500
deterministic such as the finite element E__
method; (b) statistical, based solely onthe & 1000
analysis of measurement data and (c) hybrid 5 5.00
methods that incorporate methods (a) and (b). =
& 000
f(tw,s)=f,(t)+5,(w)+f(s) 5.00

January

f(t)=C,+C,et +C,e'
fy(w)=Cyw +C,w? +Cow® + Cow?*

f,(s)= C,cos(s)+ Cgsin(s)+ Cysin’(s) + C,, sin(s)cos(s)

[ V[ L.

w! ¢

!— Adjustment Period —m— Control Period —>
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5 N:ﬂ *x |dentification
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%T’ f{ / ireversible
s effects
o
May September January May September January
Date

—a— |rreversible effects
—eo— Seasonal temperature effects —— Measured
—»— Calculated

—e— Hydrostatic effects

Ci (i = 0 to 10) = unknown coefficients; s = seasonal temperatures; w = reservoir elevation and t = time.
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Design Mix & Material
Selection
Swiss Standards [1],
[5].[9]

[
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Seismic load critical multi-
axial stress zones (d/s)
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Non-Linear Modelling of Concrete Dams
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Typical concrete zonation
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New Structures

Field observations

- Orest movements (road, pillars, etc.)
- Surface cracking

- Damage

- Rims, pockets, exudation, etc.

- Optical microscopy (field)

galleri

: 273 kg/m3

Control galleries,

I

\\ (3225 kgms
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©pdhains

M
\/ Static load critical multi-axial stress
zones with stress directions (d/s)

Y

- Petrography of aggregates [1]

- Microbars on aggregates (MBT) [5]
- Concrete Performance (CPT) [9]

- Mechanical testing (Compression,
tension & modulus of elasticity) [11]

Core sample microscopy

- Optical microscopy - crack index CSm [16]

- SBM on sliced core samples [17]
- EDXon sliced core samples [18]
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Zoom A

Compute fictitious AAR Expansion/
QOrack Index at time t (mm/ m.year)
(@)

- BEvaluate the behaviour of the dam
using a statistical regression analysis
tool such as DamBASE [12] and/ or FEA
models.

- Estimate displacements due to AAR
based on the back-analysis of trial
zone(s) affected by AAR

- Compute for the given direction (N),
Chmfor all or part of the structure.

Likely AAR Zone classification based
on stresses, thermal/ hydric
conditions, cement zoning (required
strength) (see figure 1) with focus
on (by priority):

1-Crest (A

2 - Crown base (C)

3 - Mid-height section (B)

4 - Abutments (D)

Compute the field Qrack Index
G (mm/ m.year) at constant
load conditions) [13]

Core samples:

Factors affecting results:

- Structural stress-state

- Casting

- Phases for residual expansion
(conditioning, non-linear, linear,
irreversible)
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Core sample microscopy

- Optical microscopy - crack index CSm [16]

- SBEM on sliced core samples [17]
- EDXon sliced core samples [18]

AAR testing may be reviewed

Ye:

annually and at least every 5 years
within the context of normal dam

surveillance activities

Interpretation of results:

- Test duration : few months to 1 year
(possible leaching) depending on AAR
rate & age of structure.

- Alkali sources (cement, aggregates)
- Conformity/ validation of results with
Gm, CSmiCFm and CPT tests.

ey e———— | Pt and ey
(Tar

Decision Processing by
Owners & Authorities

geted Long-term Monitoring)

Notes: Recommended tests/ characteristics given in

bold text

-AAR > Limit:

Y

Core samples:

Factors affecting results:

- Structural stress-state

- Casting

- Phases for residual expansion
(conditioning, non-linear, linear,
irreversible)

- Leaching

- Anisotropy (length & diameter)
Mitigation Measures:

- Taken horizontally (Casting)

- Greater than 10 cm from surface
(avoid leaching)

-Slze,f =100 m,L=200 mm

Residual expansion test [21]:

- Previous AAR identification test
conditions apply (sample selection &
tests). Results used for prognosis test
validations.

- Cores immediately wrapped, stored
at 38° C, RH>95% (saturated air) or
water or NaOH solutions

- Phase 1 : Conditioning (moisture
uptake)

- Phase 2a : Non-linear expansion

- Phase 2b : Linear-expansion

- Phase 3 : Irreversible expansion
(AAR)

Numerical Modelling [22]

- Calibration (Past service periods)

- Prediction (long-term > 20 years)

- Incorporation of rehabilitation
measurements (ex. saw cutting) into
AAR numerical model(s).
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TILEM State-of the-Art Reports Phase 1 - Finite Element and Constitutive Model B based on L y Exp ‘ P =|
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Steps |Objective Cylinder | Initial conditions
4 x h(cm)

1a [Constitutive Model 16x32 f.=38.4 MPaf,=3.5MP3, E=373
(mechanical propert ies) GPa, £, =-0.002, G, = 100 Nm/m2 and

New three-step approach to e e R e s
select AAR material parameters

Diagnosis & e e e
C Phase 1 - FE code and -

Prognosis S N
of AR Affected |
constitutive model validation

based on core laboratory

experiments (RILEM 2021);

C Phase 2 - Existing dam
structural or macro level
calibration based on observed
field measurements (BMW11);

C Phase 31 Rehabilitated dam
structural or macro level

calibration based on the results
of steps 1 and 2 (CHJE2021).

Strain (%)

Sa |Effect of relative 16x32 RH (t =0) = 85%, T = 38°C g
Structures ey o s e £
expansion E 0
State-of-the-Art Report of the RILEM 6a |Effect of confinement on |13 x24 T=38°C
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Tensile strength psi MPa = MPa

Parentconcrete(splitting) MPTB FTQOn Do FQOd OB FQONDN P T
Bondedlift joints (direct) Noyp TQOOME TQMPR FQONOHM F
Unbondedlift joints Nil Nil Nil Nil

Peak ¢ (psi) ¢ (MPa) f(°)
304.58 2.10 57
137.79 0.95 57
/7
72.52 0.50 49
0.00 0.00 48

DAM-FOUNDATION INTERFACES

Joint centres
—— |

MATERIAL PARAMETERS FOR STRUCTURA
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BONDED SPECIMEN
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PLACE YOUR ORDERS to | earn more é.

NON-LINEAR MODELLING OF CONCRETE
DAMS

Bulletin XXX

PR e e o e e g

CASE STUDY

}O




65

New ICOLD Bulletin Prepared by Technical Committe@GMPUTATIONAL ASPECTS OF ANALYSIS AND DESIGN OF B23)S (2020
Non-Linear Modelling of Concrete Dams




MARSEILLE

¥

Schweizerisches Talsperrenkomitee
Comité suisse des barrages
Comitato svizzero delle dighe

Swiss Committee on Dams

www.ecsymposium2023.ch

12" |ICOLD
European Club

Thank you for your attention Symposium

‘W Merci pour votre attention

Swiss Committee
on Dams 2023

Join us In Interlaken
Rejoignez-nous a Interlaken

Sept. 571 8, 2023

FURp e A TR W




MARSEILLE

Chapter 7
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NLMCD EXAMPLES AND CASE HISTORIES

C BW 14- Cracking of a concrete arch dam due to
seasonal temperature variation

BW 13- Numerical modelling of the partial demolition
of Beauregard dam

G

C X
C Many examples outline how calibrate numerical
models with measured data

PRI T ST
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Cracking of a slender,
reinforced concrete arch dam
due to seasonal temperature

variations
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Each participant had to predict

1. Theextent of crackingon the dam
2. Thedisplacementsof the dam in
summer and winter conditions

Elevation

v

Displacement
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Provided data

Geometry and mesh of the dam and the foundation

General material parameters

C Density, EY 2 Rdzf dza = t
thermal data, strengths etc.

Loading conditions

C Gravity
C Hydrostatic water pressure
C Seasonal temperature variations

2

Temperature ( C)

-
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-
=

-
]

-
=]

Maximum temperatures for each month

T
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Aspects of the numerical modelling to be freely chosen

C How to perform thethermal analysiqsteady state vs transient
analysis, convective boundary conditions vs prescribed nodal
temperatures etc.)

C How to model thecontactbetween the dam and the foundation
(fixed contact, contact formulation, interface elements etc.)

Geometry of the dam Geometry of the FE model

AAA\\X/{AAAAAAAhAAAA
/4

No cohesion, due to asphalt coating
vahaBE _-.uﬂ..l-.“.m.n Ll b ey




New ICOLD Bulletin Prepared by Technical CommitteeGMPUTATIONAL ASPECTS OF ANALYSIS AND DESIGN OF D23)IS (2020
Non-LinearModelling of ConcreteDams

MARSEILLE

Aspects of the numerical modelling to be freely chosen

C Fracture energyand type ofnon-linear material model for
concrete

C How to include theock massand assigiboundary conditions
(size of the rock and where and how to apply the boundary
conditions)




