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DEVELOPMENT OF DambDamage3D1.0

A MATLAB program for non-linear analysis of arch dams using a damage model

Abstract

The main goal of this report is to present DamDamage3D1.0, a 3D finite element-based program for
non-linear static analysis of arch dams, developed using MATLAB. The non-linear simulations are
performed using a damage law and an iterative numerical method based on the stress-transfer
technique, considering the redistribution of unbalanced forces in each iteration due to material damage.
The concrete’s non-linear behaviour up to failure is simulated using an isotropic damage model with
softening, considering two independent scalar damage variables: d* for tension damage and d- for

compression damage.

The implemented code was verified and optimized for a simple test structure, more specifically a
concrete frame structure with three columns. According to the defined material properties for the
structural elements, the concrete failure is expected to occur only at the central column without causing
the collapse of the structure, which remains in equilibrium.

DambDamage3D1.0 is used to evaluate the structural safety of Cabril arch dam (132 m high) for the
concrete strength decrease scenario, considering the material deterioration under tension and
compression. This failure scenario is usually considered in the scope of the safety control of dams, and
the main goal is to obtain a global safety factor As that indicates how many times the material’s resistance
can be reduced without causing the dam'’s structural collapse. This way As is the maximum admissible
multiplying factor of the applied loads.

The non-linear behaviour of the dam is analysed for the load combination with the self-weight (SW) and
the hydrostatic pressure (HP) at the upstream face (full reservoir), using a 3D finite element mesh with
three elements in thickness. The numerical simulations are performed using two different constitutive
damage laws to evaluate the influence of the compression softening phenomenon in the global resistant
capacity of the dam. The main results include displacements and stress fields and the distributions of
tension and compression damage in the dam body.

Keywords: DamDamage3D1.0 / MATLAB 3DFEM program / Concrete arch dams / Cabril dam
/ Non-linear behaviour / Concrete strength decrease scenario / Damage model /

Tension damage / Compression damage
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DESENVOLVIMENTO DO PROGRAMA DambDamage3D1.0

Um programa em MATLAB para andlise ndo-linear de barragens abobada usando um
modelo de dano

Resumo

O principal objetivo deste relatério €& apresentar o programa de elementos finitos 3D
DamDamage3D1.0, desenvolvido em MATLAB para analise da resposta estatica ndo-linear de
barragens abdbada usando uma lei constitutiva de dano. Os calculos nao-lineares séo realizados com
um método numérico iterativo baseado na técnica de stress-transfer, em que se considera a
redistribuicdo de tensbes desequilibradas em cada iteracdo devido ao dano. O comportamento
nao-linear do betao até a rotura é simulado com base num modelo de dano isotrépico de duas variaveis

escalares de dano, independentes: d* para o dano a tragéo e d- para 0 dano a compressao.

O codigo desenvolvido foi calibrado e otimizado para o caso de uma estrutura simples, mais
especificamente um pdrtico com trés pilares. De acordo com as propriedades atribuidas aos varios
elementos estruturais, é esperada a rotura do betdo apenas no pilar central sem levar ao colapso da

estrutura, a qual permanece em equilibrio.

O programa DambDamage3D1.0 é utilizado para avaliar a seguranca estrutural da barragem do Cabril
(132 m de altura) para o cenario de decréscimo da resisténcia do betdo, considerando a deterioragédo
do material sob tensées de tragdo e de compresséo. Este cenario de rotura € um dos mais importantes
no dmbito do controlo da seguranca estrutural de barragens, e tem como objetivo a determinacdo de
um coeficiente de seguranga global que indica quantas vezes a resisténcia do material pode diminuir

sem que ocorra o colapso global da obra (este é calculado como o valor méximo do fator de

amplificagéo das cargas).

O comportamento ndo-linear da barragem é analisado para a combinagéo de ag6es com o0 peso préoprio
(PP) e a presséo hidrostética (PH) no paramento de montante (albufeira cheia), utilizando um modelo
de elementos finitos 3D refinado com trés elementos em espessura. As simulagfes numéricas sao
realizadas utilizando duas leis constitutivas de dano diferentes para avaliar a influéncia do fenébmeno
de enfraquecimento em compressao na capacidade resistente global da barragem. Os principais
resultados incluem os campos de deslocamentos e tensdes e as distribuicdes de dano a compresséo

e atracdo no corpo da obra.

Palavras-chave: DambDamage3D1.0 / Programa de elementos finitos 3D em MATLAB / Barragem
abobada de betdo / Comportamento néo-linear / Cenario de decréscimo da

resisténcia do betédo / Modelo de dano / Dano a tragdo / Dano a compressao
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1] Introduction

1.1 General considerations

The safety control of important structures, such as dams, bridges or tunnels, should be performed during
their whole life cycle, since the design phase until the end of their useful life. In what concerns large
concrete dams, structures of high potential risk [RSB, 2018], it is necessary to increase knowledge about
their performance under several accident/incident scenarios, in order to meet the increasingly
demanding requirements for structural safety and hence prevent incidents and accidents. This is valid
for new dams and old dams, built several decades ago, with evolutionary deterioration problems (e.g.

swelling reactions).

In this context, it is essential to invest in the development of accurate numerical models (Figure 1.1) to
simulate the structural behaviour of dams and to support safety control studies, considering the effects
of static loads (self-weight, hydrostatic pressure, thermal variations, swelling, etc.) or dynamic loads like
earthquakes, and the effects of evolutionary deterioration processes, involving the dam and/or
foundation materials. These numerical models for dam behaviour analysis are often based on the Finite
Element Method (FEM) [Zienkiewicz, 1967, 1977; Pedro, 1977; Zienkiewicz, Taylor & Zu, 2005] using
iterative numerical techniques for the simulation of different scenarios of accident/incident, under static

and/or dynamic loads.

Figure 1.1 - Cabril arch dam. View and 3DFE model (dam-reservoir-foundation system)

LNEC - Proc. 0402/112/2075501 1
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1.2 Framework

In order to evaluate the global performance of dams, scenarios concerning the stability of the foundation
and the dam body resistance must be studied [Pina, 1988]. These scenarios include a failure scenario
concerning the concrete strength decrease under the main static loads (self-weigh and hydrostatic
pressure), which is to be studied in this work for a large concrete arch dam (Cabril dam, Portugal). This
scenario is used by the designers to the comparison of different dams in what concerns the relationship
between dam body geometry (design options) and the overall performance under a concrete strength

deterioration scenario.

The concrete strength decrease scenario has been analysed in the CDD since the 1960s [Rocha &
Serafim, 1960]: at first, by performing failure tests on physical models (made of gypsum and diatomite),
and since the 1980s also based on numerical simulations, enabling to further understand the observed
behaviour and to calibrate the FE models (Figure 1.2). The non-linear response is usually analysed for
a static load combination considering the dam self-weight (SW) and the hydrostatic pressure (HP) at the
upstream face (water at the crest level). As for the numerical studies, the non-linear calculations have
been performed using 3DFEM based codes, while the concrete deterioration under tension and
compression is based on isotropic damage models with two independent scalar damage variables
[Oliveira, 2000].

For this scenario simulation the main goal is to compute a global safety factor As that represents the
maximum concrete strength decrease that can occur without causing the dam’s collapse. Due to the
impracticability of reducing the material resistance in the experimental tests with physical models, which
were performed by assuming a proportional amplification to the applied loads?, the safety factor was
obtained as the maximum multiplying factor of the applied forces A. The same assumptions have been

made in the numerical studies.

a) b)

Figure 1.2 - Study of the concrete deterioration scenario: a) reduced scale physical model of an arch dam used in a
failure test and schematic representation of the hydraulic jacks used to simulate the hydrostatic pressure;
b) example of a 3DFE mesh and of a constitutive law used to perform non-linear analysis

1 The equivalent forces were applied to the physical dam model using a system of hydraulic jacks.
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1.3 Objectives

In view of the above considerations, the primary focus in this work is to present DamDamage3D1.0, a
new 3DFEM program developed in MATLAB for non-linear static analysis of arch dams (Figure 1.3),
and to demonstrate its potential to evaluate the performance and assess the structural safety of arch
dams for the concrete strength decrease scenario. The theoretical foundations on which the
implemented formulations are based and the algorithm of the developed code are also presented. The
aim is to develop a code based on an iterative numerical method using the stress-transfer technique to
carry out the non-linear calculations, while the concrete’s non-linear behavior up to failure is simulated
with an isotropic damage model of two independent damage variables: d* for tension damage and d- for

compression damage.

Considering the importance of the concrete strength decrease scenario, the developed program will be
used to evaluate the structural safety of Cabril arch dam (132 m high) for the referred scenario,
considering the material deterioration under tension and compression, in view of computing the global
safety factor As. The non-linear simulations are to be carried out using two constitutive laws to evaluate

the influence of the compression softening phenomenon in the global resistant capacity of the dam.

a) 3DFE Discretization b) Constitutive damage law

g=(1-d)5 +@-d)F

¢) Tension damage (d*) Compression damage (d")

Figure 1.3 - Inputs and outputs of DamDamage3D1.0. a) Cabril arch dam FE discretization using 3D cubic elements
of 20 nodes; b) Constitutive damage law; c) Example of tension and compression damage for the main static load
combination (self-weight and hydrostatic pressure) using an amplification factor A=7

LNEC - Proc. 0402/112/2075501 3
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1.4 Report organization

This report comprises six chapters, including this introduction chapter and the final chapter for

conclusions.

Chapter 2 addresses the development of FE models to simulate the response of concrete arch dams,
with focus on the fundamental equations of Solids Mechanics and referring the basics of Finite Element

Method and their application to structural analysis.

In Chapter 3 the key concepts of Continuum Damage Mechanics and Fracture Mechanics are
summarised. The developed constitutive damage model and its fundamentals are presented in detail,

followed by the computational algorithm implemented in MATLAB.

The developed program DamDamage3D1.0 is presented in chapter 4, including its main features and
an abridged version of its algorithm. Aiming to calibrate and verify the code, a non-linear analysis is

carried out for a simple test structure (a concrete frame with three columns).

Finally, the developed program is used to study the non-linear behaviour of Cabril arch dam for the static
load combination including the self-weight and the hydrostatic pressure. The goal is to simulate the
concrete strength decrease scenario, considering the material deterioration under tension and
compression, in order to obtain the corresponding global safety factors. The non-linear calculations are
performed using two types of strain-softening constitutive laws to assess the influence of compression
softening in the dam’s global resistant capacity. The numerical results include displacements and

stresses and the distribution of tension and compression damage in the dam body.

4 LNEC - Proc. 0402/112/2075501
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2|  Finite Element Models for concrete arch dams

2.1 General considerations

The numerical models based on the FEM are of great use to simulate the structural response and to
perform safety verifications of concrete dams under static and dynamic loads, considering linear or non-
linear behaviour for dam body, for foundation materials and for existing joints. Aiming to achieve reliable
numerical results, it is fundamental to develop robust numerical models that properly represent the dam
behavior.

In this chapter the fundamental equations of Solid Mechanics and the key concepts and the formulation
of the Finite Element Method (FEM) and their application for static analysis are presented. Some

important aspects regarding the development of DamDamage3D1.0 are also addressed.

2.2 Fundamental equations of Solid Mechanics. Navier’s equation

For a structural analysis problem, the main goal is to calculate the displacements, stresses and strains
in each point of the dam body, knowing its geometry, material properties, mass forces and the outlined
boundary conditions. Considering a generic three-dimensional (3D) problem (Figure 2.1), the main

unknown for a given point P are the displacement vector

ul(Xl'XZ'X3)
U =U(X;, Xy, X5) = | Uy(Xp, X5, X5) (2.1)
u3 (Xl’XZ’XS)

The tensors that define the strain and stress state at point P can be represented by symmetric matrices
(in the reference axes (X;,X,,X;) )
811 612 ‘913

E=18y &y Ex (2.2)

831 832 833

(2.3)

S}

Il
Q
Q
NQ

The normal and shear stress components are represented by o, and o;. The normal strains ¢; are
associated with length variations while the shear strains ¢; are related to angle variations (distortions).

Both tensors can be presented in a compact vector format

LNEC - Proc. 0402/112/2075501 5
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Figure 2.1 - Generic 3D problem: gravity dam. Main unknowns: displacements, stresses and strains

The fundamental equations of Solid Mechanics are used to establish the relations between
displacements, stresses and strains. Aiming at solving a 3D structural analysis problem, a total of 15
equations are defined, including: six compatibility differential equations, that relate displacements and
strains, six algebraic constitutive equations for the stress-strain relations, and three differential
equilibrium equations between mass forces and stresses.

Concerning the displacement-strains relations, the differential equations for normal and shear strain
components are

& = % (2.5)
~ou;

g =1.(%+_1] (2.6)
2 |ox, o

Thus, the relation between the strain tensor and the displacement vector is given by
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which defines the compatibility equation with L as a matrix differential operator,
g =1L-u (2.8)

(6x1)  (6x3) (3x1)

Regarding the stress-strain relations, the differential equations for normal and shear stresses yield

& =ﬁ—uﬁ—uﬂ (2.9)
E E E
o
2g; = S (2.10)

where E is Young's modulus and v is Poisson’s ratio. Based on the above expressions and knowing

that the shear modulus G and the bulk modulus K are obtained in function of E and v,

G-_F 2.11)
2(1+v)
K= _E (2.12)
3(1— 20)
then the stress-strain constitutive equation is established
oc=D:¢ (2.13)

(6x1)  (6x6) (6x1)
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where D is the elasticity matrix that relates all six stress and strain components

~_ |K+zG K--G K-=-G o
oy én
o K-=-G K+=-G K-=G 0 Eyy
Oy €33
o= = (2.14)
Oy K-=G K_EG K+=G 2¢,,
O3 G 0 0] 2%u
L C12 0 0 G 0|26
L 0 0 Gj]
From the force-stress equilibrium at point P, expressed as a sum of all forces in the i-direction
. 0o .
>F =0-> 90, 9% , 0% f=0 (2.15)
' oX;  OX;  OX,
the equilibrium equation that relates the stresses and mass body forces is obtained
L' -c+f =0 (2.16)

(3x6) (6x1) (3x1) (3x1)

The term L' - o represents the stress gradient and f =1f(x,,x,,X,) is the body force vector. For a static

analysis the body force is given by the gravity forces?, P9, where p is the material density (kg/m3) and
g= [0 0 —9.81]T is the gravity acceleration vector (m/s?). The initial strain-thermal effects are omitted
herein.

By substituting eq. 2.8 into eq. 2.14, and the latter into eq. 2.16 (Figure 2.2), the equilibrium between
internal elastic forces and body forces, to be verified for all points belonging to the domain Q, is defined
by Navier's differential equation in terms of the material properties, the problem unknowns

(displacements) and the body forces,

L"(DLu)+f =0, VP(X,X,,X;) € Q (2.17)

2 For dynamic analysis, the mass forces induced by dynamic motion (damping and inertia) would be considered.
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Figure 2.2 - 3D problem. Fundamental equations of Solid Mechanics and Navier’s differential equation

2.3 Boundary Values Problem

To completely define the BVP for the structure under analysis, boundary conditions must be specified
for each point at the boundaries T" of the domain QQ where these are applicable. Two types of boundary

conditions can be considered: displacement and traction boundary conditions [Zienkiewicz et al. 2005],

Displacement boundary conditions are specified for each point of the boundary T", by prescribing known

displacement values u (e.g. null displacements on nodal points where elastic supports exist),

u=u, VP(X,X,,X;)el, (2.18)
Traction boundary conditions are prescribed at each point of the boundary T', and are given in terms of

stresses t (force per unit area) applied in the boundary surface (e.g. water pressure on the upstream

face of a dam),
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t=t, VP(X,%,%;)el, (2.19)

being

t=G"-g=G"-D(Lu) (2.20)

where G' is a matrix containing the direction cosines for the normal direction to the traction boundary

r

t

n. 0 0 n 0 n,
G'=|0 n, 0 n, n (2.21)
0 0 n, O n, n

Finally, the BVP for linear structural analysis is posed by Navier's differential equation and specific

boundary conditions,

L' (DLu)+f =0, ¥V P(X,X,X;)€Q
u=u, VP(X,X,,X;)el, (2.22)
t=t, VP(X,.X,.%X;)eT,

Il
|

2.4 The Finite Element Method

The use of an analytical approach to solve Navier’s differential is only possible for simple elementary
problems, e.g the case of a column supporting its self-weight or the deflection of an elastic beam.
However, more complex problems involving 2D or 3D analysis require the use of numerical methods to
obtain approximate solutions for the corresponding differential equations [Oliveira & Pedro, 1986]. The
FEM [Zienkiewicz, et al., 2005] is widely used to solve problems in several fields, including structural
analysis, fluid behaviour, heat conduction, etc., due to the potential of the finite element process to

simulate an extensive range of boundary and/or initial value problems.

Furthermore, the classic displacement formulation [Oliveira, 1975] ensures computational robustness
when applied to large structures, as is the case of arch dams, which are simulated using models
comprising a great amount of data. For these above reasons and considering the previous experience
in working with FEM based codes, this was the chosen method in the development of

DambDamage3D1.0 (to be presented in chapter 4).
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So, in order to obtain an approximate solution to a continuum problem using the FEM, some standard
steps have to be followed: i) first, the equilibrium equations, such as Navier's equation for structural
analysis, should be transformed from the strong formulation (differential form) to the corresponding weak
form (integral form); ii) second, the continuous domain is discretized into finite elements, enabling the
application of the finite element formulation to establish the equilibrium equations at an elementary level,
iii) third, the global equilibrium equation for the complete discretized system is obtained by assembling
the element contributions; iv) finally, the solution can be calculated, allowing linear or non-linear

simulations to be performed.

2.4.1 Navier’'s equation: from the strong to the weak formulation

The first step in the finite element process consists in constructing the integral or weak form of the BVP,
including Navier’s differential equation and the boundary conditions (eq. 2.22). The integral form can be
reached using the Variational Formulation (involving the Fundamental Lemma of Calculus of Variations
and the Green-Gauss Theorem) or the Virtual Work Principle [Zienkiewicz et al.,2005]. Therefore, the

weak form of the governing equilibrium equation yields

[,o[L'e~t]da-[ &tdr=0 (2.23)

fo(Le.) - (bLu)da-| gt da - [ gtdr=o0 (2.24)

The displacement boundary condition y =u for all points on T'; is omitted from this formulation and is

latter introduced in the solution for the unknown displacements vector. The term ¢, indicates a set of

arbitrary functions (sometimes referred to as virtual displacements) or test functions that satisfy the
equilibrium differential equations for all points in the problem’s domain Q. This weak form will enable
the incorporation of the finite element approximation, to obtain the solution element by element and the

subsequent assembly for the global system.

2.4.2 The discrete problem

To solve the structural problem using the FEM it is necessary to divide the structure into a finite number
of elements, connected by common nodal points, which results in the definition of a mesh. Considering
the displacement formulation for 3D structural analysis, each nodal point has three displacement

degrees of freedom (DOF).

For the discrete system, the weak form of the governing equation can be approximated by dividing the
integrals on the global domain ©Q and the respective boundaries I' (eq. 2.24) into sums over each

element
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. (L&) (PLu)da-3[ gtdo -Y[ &tdr=o (2.25)

where Q indicates the element domain and I',, denotes the part of the boundary for elements where

traction boundary conditions are applied. In short, for each element we can write

Jo

] _
(Lg,) -(BLu)de-[ gtdo - [ &tdr=o (2.26)

e

For the FE discretization can be used different types of elements, with varying shapes and number of
nodal points. In DamDamage3D1.0, can be use discretizations with serendipity FE: i) 3D isoparametric
elements with twenty nodal points for the continuum (e.g. dam body and foundation); and ii) compatible
joint (or surface) elements with sixteen nodes to define discontinuities (e.g. contraction joints or existing

cracks). Thus, all vectors and matrix dimensions henceforth indicated refer to this type of FE.

Figure 2.3 - Example of 3DFE meshes for an arch dam. 20 node cubic FE and 16 node joint FE (global and local
axis) used in DamDamage3D1.0

2.4.3 Finite element formulation. Governing equations
Displacement approximation

Aiming to achieve an approximate numerical solution at each modal point of the global discrete domain,

the approximation functions for the main unknown u need to be defined [Zienkiewicz et al., 2005],

knowing that these functions must satisfy the requirement of continuity between adjacent elements.

In the finite element procedure, the solution for the unknown displacement vector u at a generic point

P, located in a FE of domain Q°, is approximated by

ue (2.27)

1=
I
1y
I
|Z
f=
1
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(3x1) (3x60) u;g

Uz

(60x1)

where u® (60x1) are the nodal parameters or nodal displacement values and N, (3x60) are matrices
containing the interpolation (or shape) functions, defined in terms of the local coordinates (y,,y,.y,) in

the master element (Figure 2.4). This approximation is valid for the arbitrary functions, using the same

shape functions (Galerkin method),

L5° (2.29)

ol
AUz A 16 14

20 y 19

Figure 2.4 - Polynomial interpolation functions. Graphical representation for 2D and 3D elements

Strain and stress approximations

Considering the infinitesimal strain theory and the hypothesis of linear-elastic behaviour, eq. (2.27) can
then be introduced into the constitutive and compatibility relations to obtain the approximate solutions

for stresses and strains,

u® =B,u° (2.30)

s (2.31)

where B, =LN, (6x60) is the matrix with the derivatives of the interpolation functions.

==u

LNEC - Proc. 0402/112/2075501 13



DEVELOPMENT OF DamDamage3D1.0
A MATLAB program for non-linear analysis of arch dams using a damage model

Element stiffness matrices and load vectors
Based on the standard Galerkin discretization [2] and substituting the above approximations for

displacements, stresses and strains in the weak form of the finite element equilibrium equation (eq.

2.25), the elementary equilibrium yields
[ o7BiDB,u"dQ-[ &TN[fdQ-[ &itdr=0 (2.32)
Qe ~ ~ Qe ~ ~ l_l,e ~ ~
from which we can write

k®-u®=f° (2.33)

Therefore, the elementary stiffness matrices k® (60x60) and the body load vectors f° (60x1) can be

obtained by calculating the integrals

e _ T e
k"=, BIDB,u"dQ (2:34)
fo=fo +f5 (2.35)
being
fo, =], NifdQ and fe = [N].tdr (2.36)
‘ : 1—‘l,e

As mentioned above, the displacement boundary conditions are incorporated by prescribing known

displacement values U for nodal points where that conditions are applied, while the traction boundary

forces are obtained the surface integral (over I',,).

DamDamage3D1.0 was developed to perform structural analysis of arch dams considering the main
static loads, namely the combination including the dam self-weight (SW) and the hydrostatic pressure
(HP). Regarding the implemented finite element procedure, the nodal forces corresponding to the dam

weight are computed as the nodal forces equivalent to the body forces in all elements,

f=pg—>1f, =p[ NigdQ (2.37)
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The external nodal forces due to the hydrostatic pressure (boundary condition at the upstream dam face

I',) are calculated on the corresponding boundary nodes, by considering the water pressure on the

surface,

t=nlnh, > =z [N 0l h, dr (2.38)
T,

e

te

where y, denotes the water specific weight and h, is the water height above each boundary surface

point.

Numerical integration

The integration over each element domain €, can be computed by numerical quadrature [Zienkiewicz

et al., 2005], accounting for the mapping from local coordinates, at the element level, to global
coordinates, at the global structure level. Therefore, volume integrals (or surface integrals) are

approximated as the sum of Q components associated with each quadrature point g,

.[v () dv ~ qi;(')q Jq W (2.39)

where J, is the determinant of the jacobian matrix that transforms local to global coordinates at point q

and W, is the weight (associated volume) for each quadrature point .

These integrals are commonly calculated based on the Gauss integration method and using serendipity
type elements, which are idealized at the local coordinate system as a perfectly dimensioned cube with

local coordinates (y,,y,.Y,) that vary from -1 to +1 [Zienkiewicz, et al., 2005]. Therefore, based on

Gauss quadrature, the elementary stiffness matrices and load vectors are computed as

N
e _ T e _ T
k® = IQe B,DBudQ = nz‘llﬁu,nep D By, Jdn. Wa, (2.40)
N
e _ T _ T
fo= [ Njfdr= HZ:INHGP[ 3. W, (2.41)
— Nl_ —
fo = [NLtdr= Y NI EJ. W, (2.42)
: Fie Nep r=1 ' et e

where N:GP and E’I,ngp are, respectively, the matrices with the values of the interpolation functions and

its derivatives, at the quadrature points.
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In DamDamage3D1.0, 3D isoparametric cubic elements with 20 nodal points are used and the numerical

integration is performed using 27 quadrature Gauss points ( ne ) per element (Figure 2.5) to obtain the

stiffness matrices and load vectors over each element. Similarly, the surface integral of the external

boundary forces is computed with the Gauss integration method, using 9 face Gauss points (Nes.r ).

3D finite element with 20 nodes Master finite element
(Local coordinates)

8 15 7

16,
13 6

08 v 19

*12 10

Quadrature Gauss points

Figure 2.5 - Example of 3DFE used in DamDamage3D1.0. Cubic element with 20 nodal point (global coordinates
system), “master” element (local coordinates) with node numbering and Gauss points (adapted from

[Oliveira, 2000, 2011])

Global stiffness matrix and load vector

The global stiffness matrix and load vector (including body forces and surface forces) for the complete

discrete structure are obtained by assembling ("X" ) the element contributions,

K =Yk

(NDOF;NDOF ) e
_ e e
F =21+,
(Nporx1) e er,

(2.43)

(2.44)

Finally, after considering the displacement boundary conditions using, for example, the penalty method,

the global static equilibrium equation for the discretized system (Figure 2.6) is given by

(2.45)

where u (Npor x1) is the global displacements vector of the discrete system (with 3 displacement

components for each nodal point).

16
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Strong formulation: differential equation and
boundary conditions

LT(DLU)+f =0, VP(x,%,X)eQ
¥ P, %,, %) €T,
YV P(X, %, %) €T,

€ us, l

Weak (integral) formulation at the element level

I, (La) (BLudo-] o f o -] qiTar=o

u=0,
t=t,

u .
FEM Displacement  ~ v B,=LN,
X approximation A
PP 5, =5,=N,.8

Global stiffness matrix and load vectors
e e
K=>k E=>f
e e

Figure 2.6 - Use of the FEM to solve the BVP posed by Navier’s differential equation and boundary conditions.
Application of the FE basic approximation in the integral (weak) formulation to obtain the global stiffness matrix and
load vector

2.4.4 Structural analysis

Linear analysis

Based on the FEM procedure, the 3D structural analysis problem posed by Navier’s differential equation
and the boundary conditions (eq. 2.22) is transformed into a set of linear algebraic equations (eq. 2.45).

Considering a linear elastic analysis, the displacements are computed by solving (eq. 2.45), being
u=K*.F (2.46)

The finite element formulation, based on the approximation of the solution (displacements u at a generic

point P), results in a realistic representation of the displacement field over the discrete system domain

by computing the displacements in each node. Regarding the strains and stresses, which tend to be
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continuous within the material, one should ensure that the strain and stress fields are computed in a
realistic and accurate way. This can be achieved through several methods [Zienkiewick et al., 2005].
One of these methods, which was implemented in DamDamage3D1.0, consists in assuming that these
guantities can be approximated in points inside the element domain by interpolation in the same manner
as the displacements, using the constitutive and compatibility relations with the displacement
approximation (egs. 2.26 and 2.27). Therefore, using the Gauss integration method, the strain and stress

tensors are computed for every Gauss point (ngp) of all elements,

g, =LN u*=B u° (2.47)

u® (2.48)

Displacement field Stress field

Figure 2.7 - Linear FEM analysis of an arch dam. Displacement and stress fields

Non-linear analysis. Stress-transfer method

For non-linear structural analysis, the global equilibrium might be influenced by a stiffness decrease due
to local material damage, which means that the global stiffness matrix will depend on the displacement

field, K=K (u) , and consequently on the installed stresses. Using a FEM formulation, the resulting non-

linear equation yields

Ku)-u=F (2.49)

To solve this non-linear problem, it is usual to adopt an iterative calculation process. There are various
methods to do this [de Borst & Sluys, 1999; Faria, 1994; Oliveira, 2000], some of which include the re-
calculation of the global stiffness matrix in every iteration or once every n iterations. However, the
implementation of such methods can be significantly demanding in terms of computational performance

and data storage, particularly for problems of great dimensions.

18 LNEC - Proc. 0402/112/2075501



DEVELOPMENT OF DambDamage3D1.0
A MATLAB program for non-linear analysis of arch dams using a damage model

In DamDamage3D1.0, the non-linear analysis is carried out through an iterative numerical method using
the stress-transfer procedure, which only requires the stiffness matrix to be calculated once, at the 15t
iteration. The stress-transfer method is based on the redistribution of the unbalanced stresses which
arise due to local ruptures. The goal is to compute the displacements field and the real stress tensors
at each point over the domain, in order to assess the resistant capacity of the structure for an applied

load F,, .

Numerically, the implemented method seeks to simulate the non-linear response by solving the following

equation

K, u =F_ +V¥ (2.50)

With this approach, the global stiffness matrix K, remains unchanged throughout the whole iterative

process and is obtained initially for the undamaged structure (linear elastic state). In order to account

for the stress redistribution process, the vector of forces equivalent to the unbalanced stresses ¥ is
summed to the applied load F,,, which is imposed at the beginning of the calculation. In every iteration

n, the stress-transfer’s loading term is obtained by consecutively summing previous unbalanced forces
n-1

Eap + \y = Eap + Z\fl (251)
i=1

Therefore, the equilibrium equation (eq. 2.50) is solved to obtain the displacements vector for the

complete discrete system at iteration n, being
n-1
l:,ln = Kofl' (Eap + z\yl) (252)
i=1

To evaluate if structural equilibrium is achieved, the actual resistant forces F;, and the new “partial”
unbalanced forces ¥, must be computed. The resistant forces represent the structure’s real resistant
capacity, and thus correspond to real stresses ¢ installed over the structure’s domain - to simulate the

material’s non-linear behaviour, the real stresses are calculated from the elastic stresses based on a
constitutive damage model (this subject is addressed in detail in Chapter 3). Based on a FEM

formulation, the real stress tensors g, are computed for every quadrature point of all elements from

the “fictitious™ elastic stress tensors, which are calculated for the total forces F,, +'¥' using eq. 2.47.

Accordingly, the elementary nodal resistant forces are achieved through the Gauss integration method

over each FE as
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< Ngp ¥ Ngp u,Ngp l;‘lr?‘JnGPWnGP (253)

Ngp =1 Ngp =1

fs = JQQBI cdQ = Z Bln, On I W, = Z B, DB

and the global resistant load vector is obtained by summing all the element contributions

Fan = D fa (2.54)

(Npor x1) e

Finally, the new partial unbalanced forces ¥, , arising due to material deterioration, are computed as

the difference between the applied forces F,, and the real resistant forces F,

~ap ~R,n 1

‘ijn = Eap_ ER,n (255)

(Npor x1)

At the end of every iteration, the convergence (or divergence) of the non-linear calculations must be
verified, by analysing the unbalanced forces ¥, or the corresponding displacements u,, . In terms of
structural safety, two scenarios can occur (Figure 2.8): i) the structure has enough resistant capacity to
support the applied load, meaning that it is capable to withstand a certain amount of damage and of
redistributing unbalanced stresses; global equilibrium is achieved and the stress-transfer process is
convergent; and ii) the structure is not capable of supporting the applied loads and to redistribute the
arising unbalanced forces due significant material deterioration, resulting in global collapse — global
equilibrium is not achieved and the stress transfer process is divergent.

In DamDamage3D1.0, the convergence of the iterative process was controlled through a specific

criterion based on the partial displacements vector u,,, calculated from the corresponding unbalanced

forces in iteration n. These displacements are compared to the ones obtained at the end of the first

iteration U,,, to check if equilibrium was achieved. In terms of the computational algorithm, the following

procedure is established. First, the preliminary calculation (iteration n = 1), is performed (eq. 2.56). If the

applied forces E,, cause a stress state that falls within the linear-elastic domain for all quadrature points

Zap
over the structure domain, the unbalanced stresses are equal to zero and thus the actual stress-transfer
process does not begin. Thus, a linear analysis is enough. Otherwise, if unbalanced stresses exist after
the preliminary non-linear calculation the stress-transfer process is performed to simulate the non-linear
response (eq. 2.57). Again, two scenarios can occur: i) the unbalanced forces and corresponding
displacements decrease from iteration to iteration and, consequently, the value of Normn will decrease
- if this value is lower than a predefined tolerance, global equilibrium was achieved and the calculation

is terminated (convergent process); and ii) the unbalanced forces increase for several consecutive
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iterations and so does the Normn value until the tolerance is exceeded (divergent process). In

DambDamage3D1.0 a standard tolerance of 0,1% is defined and a maximum number of iterations n

iter,max

is established to stop the calculation for divergent processes and prevent it from continuing indefinitely.

ulyl = Kal ’ (‘fl) = K(;l : (Eap' ER,l)
U (2.56)

|g\,,1| =0 = Norm, =0<Tol (stop non-linear calculation)

n=1 u
|L~Jq,1| >0 = Norm, = IN% x100 =100 >Tol (begin stress-transfer)
Uy,
g‘l‘n = }Sal : (\fn) = K(;l ’ (Eap_ ER,n)
U
Uy > Tol continue stress-transfer) —-n > n, stop; divergence
n= 2""!niter max = Normn — | ¥n ><100 ( ) |ter,max( p g )
’ u <Tol (stop; convergence)

(2.57)

In resume, the stress-transfer method involves the following main steps:

1. Preliminary calculation (iteration 1)
i. Impose the applied load and compute the displacements and stresses (linear response)
ii. Calculate the real stresses using a constitutive damage model (non-linear material
behaviour)
iii. Compute the resistant forces from the real stresses
iv. Calculate the unbalanced forces
V. Check convergence. If convergence is not reached, perform the stress-transfer iterative

process.

2. Stress transfer. For every iteration n+1

Vi. Calculate the new loading term by summing the (initial) applied load and the unbalanced
forces

Vii. Calculate the new displacement vector and the corresponding fictitious elastic stresses

Viii. Calculate the real stresses using a constitutive damage model (non-linear material
behaviour)

iX. Compute the resistant forces from the real stresses
X. Calculate the unbalanced forces

Xi. Repeat steps vi) to x) until convergent or divergent process is reached.

LNEC - Proc. 0402/112/2075501 21



DEVELOPMENT OF DamDamage3D1.0
A MATLAB program for non-linear analysis of arch dams using a damage model

F i / F 7 Wy
Fn
] |
P w,
¥
¥
Fap
F., /A
L P, e cst.
F0m=}| [ Uy, ——Cst.
| | FUm:, | | |
‘ | | I |
;lfﬂ | |
I
K,
o | ? L
i \ | 1
! | Lo
| | 1 - | | -—
Uy iy Un u uy Up u

Figure 2.8 - Stress-transfer iterative method. Representation of the global force-displacement equilibrium for
convergent and divergent processes
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3] Constitutive damage model to simulate the non-linear
behaviour of concrete

3.1 General considerations

In view to perform non-linear structural analysis and assess the structural safety of concrete arch dams,
it is essential not only to develop robust 3DFEM models but also to adopt realistic constitutive models,
both in the dam body (concrete and contraction joints) and/or in the foundation (rock mass and existing
discontinuities).

The basic concepts regarding the non-linear behaviour of concrete are presented, and the fundamentals
of Continuum Damage Mechanics and Fracture Mechanics are addressed in detail. The developed
damage model to simulate the non-linear behavior of concrete up to failure is described, with focus on
the damage criteria, the respective damage evolution laws and the constitutive damage law for the
stress-strain relation. This damage model was developed using MATLAB routine that was incorporated

into the program DamDamage3D1.0.

3.2 Concrete non-linear behaviour

Concrete is a material with high compressive strength and under tension presents a fragile behavior
until failure. Its instantaneous failure process (Figure 3.1) is characterized by a softening phenomenon
(i.e. a post-peak stress strength decrease), combined with the formation of microcracks, the consequent
continuum damage increase (stiffness decrease) and the accumulation of irreversible strains. Therefore,
as referred in [Oliveira, 2000], to fully perceive and correctly simulate the non-linear behaviour of
concrete up to failure, it is fundamental to include the key concepts of Continuum Damage Mechanics,
Plasticity Theory and Fracture Mechanics.
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Figure 3.1 - Concrete behaviour up to failure under tension and compression (adapted from [Oliveira, S. 2000])
[Coutinho & Gongalves, 1994]
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The non-linear behaviour of concrete for uniaxial stress-states is simpler to characterize, although in
practice the material used in different structures is commonly under biaxial or triaxial stress-states. Just
as for the uniaxial behaviour, it is possible to observe a non-linear development of the stress-strain
curves for concrete, with a significant increase of compressive strength for biaxial and mainly for triaxial

stress-states (Figure 3.2).
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Figure 3.2 - a) Biaxial stress state: failure surface; b) Concrete compressive strength for a triaxial stress state
(adapted from [Oliveira, S. 2000]) [Coutinho & Gongalves, 1994]

3.3 Continuum Damage Mechanics

Continuum Damage Mechanics, introduced by Kachanov [Kachanov, 1958], describes the evolution of
the irreversible deterioration phenomenon that occurs inside a given material, from the undamaged state
to the occurrence of macroscopic cracks (Figure 3.3), under applied forces that exceed its strength. This
phenomenon is associated with the formation and evolution of new or existing volume (microvoids) or
surface (microcracks) discontinuities and with their coalescence that will eventually lead to macroscopic
failure (macrocracks), resulting in a reduction of the material’s intrinsic stiffness [de Borst & Sluys, 1999;
Faria, 1994; Geers, 1999; Faria, 1994; Oliveira, 2000].

Figure 3.3 - Internal damage (microcracks and microvoids) and evolution to macroscopic cracks
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3.3.1 Damage models

The evolution of the damage phenomenon in concrete before the initiation of macrocracks, might be
simulated based on different types of numerical damage models, according to the definition of
appropriate continuum damage variables and their respective evolution laws. Therefore, considering the
nature of the damage that might occur and the related propagation mechanisms, one can use: a) scalar
damage models, with scalar damage variables [Kachanov 1958; Mazars, 1984; Lemaitre and
Chaboche, 1985; Faria, 1994]; or b) vector/tensor damage models, based on vector [Davison & Stevens,
1993] or tensor damage variables [Murakami & Ohno, 1981; Ju, 1989; Ramtani, 1990]. Furthermore,
the choice of the damage evolution law is influence by the material type and the loads to be considered:
the formulation can depend solely on the elastic deformation or on the plastic deformation, and it can
also incorporate the damage evolution over time, the number of load cycles and swelling effects (alkali-
aggregate reactions). In DamDamage3D1.0, the non-linear behaviour of concrete is simulated using
models with two independent scalar damage variables, which has been the case in several studies
carried out in LNEC over the last decades [LNEC, 2003, 2010, 2014]. Thus, this is the type of model
addressed in this chapter.

3.3.2 Plasticity and damage

While elastic deformations are related to modifications at the atomic level, both plasticity and damage
phenomena are associated to energy dissipation processes. These are irreversible phenomena,
according to the Clausius-Duhem inequality®. In terms of the non-linear behaviour of concrete, plasticity
originates the redistribution of inter-crystalline defects and consequently leads to the accumulation of
irreversible strains. On the other hand, the damage evolution consists on the initiation of new internal

micro cracks and on the growth of the existing ones, resulting in a global material stiffness decrease.
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Figure 3.4 - Plasticity and damage state (adapted from [Oliveira, S. 2000])

3 The Clausius-Duhem inequality expre sses the Second Law (or fundamental inequality) of Thermodynamics and
it concerns the irreversible nature of natural processes when energy dissipation is involved.
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3.3.3 Scalar damage variable

In Continuum Damage Mechanics, the state of internal damage for a certain material is characterized
through a set of internal variables, referred to as damage variables, usually represented by the letter d.
These damage variables are used to quantify the damage state (Kachanov, 1958, 1986) whose values
value ranges from d=0, representing the undamaged (or intact) material state, to d=1, when the material
is completely damaged, and failure occurs. Given that the evolution of internal deterioration is an

irreversible process, the damage value always increases.

To explain the damage variable concept, one can consider an infinitesimal portion of material, located
inside a given solid (Figure 3.5). Considering this portion as a surface element of area S with a normal
direction n, small enough to belong to a material point but also sufficiently large to contain damaged

sections of total area S¢, then the undamaged area is given by

S = s-g¢ (3.1)

The damage value represents the surface density of damaged areas, associated with the normal

direction n, and is calculated as:

=2 = =1-2 (3.2)

As stated above, damage variables are associated with a certain direction, so they should be
represented by vectors or tensors for all directions at a given material point, particularly in cases where
the cracking phenomenon is heavily oriented. However, the implementation and validation of
vector/tensor damage models is quite complex and computationally demanding. Also, for many cases
in structural analysis the concrete damage phenomena under tension and compression can usually be
considered as isotropic, i.e. equal in all directions, and therefore the use of scalar isotropic damage

models is assumed to be adequate for simulating the material’s non-linear behaviour up to failure.

Damaged
material

Figure 3.5 - Damaged and undamaged areas in a portion of material (adapted from [Oliveira, 2000])
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3.3.4 Effective stress

The definition of a damage variable that represents the surface density of damaged areas leads to the
concept of effective stress, which is the stress installed in effective resistant area. Considering a
unidimensional equilibrium, the applied force F in a material section of area S results in a real (or

Cauchy) stress value

(3.3)

wlm

If the installed stress exceeds the material strength, isotropic damage d will occur. Thus, the area of the

effective resistant section S becomes equal to the difference between the total area S and the damaged

area S¢,

S = S-5%=5(1-d) (3.4)

Considering that the section of the material must remain in equilibrium, then the relation between

effective and real stress is

6-S=6-S=6-S1-d) (3.5)

and finally, the effective stress is determined as [Lemaitre, 1984]

6= (3.6)

Therefore, the effective stress & can be defined as the stress installed in the area S of the material

section that effectively resists to the applied forces (Figure 3.6). So, it is always6 > o, with 6 = o for

intact material (d = 0; S= S)and & — « when failure occurs (d — 1, S0 ).
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Figure 3.6 — Real stress (damaged) and effective stress (undamaged) (adapted from [Faria, R. 1994])
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3.3.5 Constitutive relations for damaged materials

The definition of a constitutive stress-strain relation for a material with internal damage is achieved
based on the simplifying hypothesis referred to as the Principle of Strain Equivalence [Lemaitre &
Chaboche, 1985]. This principle basically states that the strain state of a material with internal damage
can be determined through the constitutive relation defined for the undamaged material, with elasticity

modulus E,, by replacing the usual Cauchy stress with the effective stress.

Considering unidimensional linear elastic behaviour, the constitutive relation for an intact material is
e=2 >0=E.e (3.7)

For a material with internal damage [Faria & Oliver, 1993] a similar law is defined by the linear effective

stress-strain relation
e=2 5 6=E.e (3.8)
EO

while the Cauchy stress-strain constitutive relation is non-linear (Figure 3.7) and depends on the

damage variable

O

8—m—>0’—(1—d)E08 (39)
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Figure 3.7 - Non-linear stress-strain constitutive relation for a damaged material
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Regarding a 3D material with internal isotropic damage, the non-linear linear constitutive relation can

be established between the strain tensor and the Cauchy stress tensor,

g=(-d) §=(-d) D, ¢ (3.10)

where D, is the elasticity matrix for an undamaged state and & is the effective stress tensor.

3.4 Fracture Mechanics

Fracture Mechanics is a field that studies the propagation process of existing cracks in materials (Figure
3.8), accounting for the energy release and softening phenomena, aiming to describe the non-linear
behaviour of structural elements with macroscopic discontinuities up to failure. Considering the lower
concrete tensile strength, when compared to compression, it is particularly important to address the
cracking growth process that leads to fracture under tension and the corresponding effects in its

behaviour.

Figure 3.8 - Crack propagation and strain softening constitutive law

3.4.1 Types of crack models

For a concrete sample, cracked under tensile stress, it is usual to note a gradual strain increase due to
damage, over a band (Figure 3.9). From a numerical modelling point of view, this is difficult to simulate
using a FEM formulation, so it is usual to assume simplified criteria to account for the damage

localization in the finite element mesh domain. Generally, two approaches can be adopted:

i) Models based on the discrete crack hypothesis [Ngo & Scordelis, 1967; Ingraffea & Saouma, 1985;
Hillerborg, 1985; Alfaiate, 1992]. These consider that damage occurs along a line or surface (for 2D or
3D meshes) between adjacent elements, leading to the simulation of cracking propagation through the

elimination of the existing connections between elements and consequently to the creation of new nodal
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points at the resulting surfaces. The mesh may remain unaltered or, in alternative, an automatic

remeshing procedure can be used; and

i) Models based on the distributed (or smeared) crack hypothesis [Rashid, 1968; Bazant & Oh, 1983;
Bazant, 1986; Belytschko, Fish & Engelman, 1988] and non-local models [Bazant, 1987; Bazant &
Pijaudier-Cabot, 1987; Pijaudier-Cabot & Bazant, 1987; Bazant & Lin, 1988]). For these type of models,
it is assumed that the cracking is distributed along a band of finite width, inside a set of finite elements.
This assumption is particularly useful when using the FEM, while also being advantageous for
computational implementation. To simulate the deterioration process, a decrease in the material
stiffness is assumed for an element once it is comprised inside the damaged area. Also, these models
enable a smooth transition from the pre-cracked to the cracked state without being necessary to adjust

the mesh and the material constitutive laws.

Crack propagation and

strain distribution a) Discrete crack  b) Smeared crack

hypothesis hypothesis
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Figure 3.9 - Crack development and strain distribution for: a) discrete crack model; b) smeared crack model.
Respective simulation using a FE mesh (adapted from [Oliveira, S. 2000])

For modelling the propagation of cracks in fragile materials, such as concrete, numerical continuum
damage models that consider the softening phenomenon and based on the smeared crack hypothesis
can be used, provided that the key concepts of Continuum Damage Mechanics and Fracture Mechanics
are properly considered. In the FEM program DamDamage3D1.0, the non-linear behaviour up to failure

of concrete is simulated based on this type of models.
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3.4.2 Fracture Process Zone (FPZ)

According to the fundamentals of Non-Linear Fracture Mechanics, it is assumed that a micro cracking
zone with a finite dimension arises at the crack tip, where the fracture process occurs (Figure 3.10): the
FPZ consists on a group of individual microcracks that merge and ensure the propagation of the existing
crack. The width of the FPZ (w, ) is considered as a constant material property and depends on the
maximum aggregate dimension for concrete. This is a zone of non-linear material behaviour,
characterized by a gradual material deterioration, and it separates the cracked (or damaged) zone from

the undamaged portion of the material (linear elastic behaviour).

Figure 3.10 - Fracture Process Zone (FPZ). Representation of different strain-stress states near the damaged zone
(adapted from [Oliveira, S. 2000])

3.4.3 Fracture energy

The crack propagation process includes the rupture of intermolecular forces along the surface of the
newly formed or pre-existing crack and thus originates a certain energy dissipation (irreversible
process). As stated by Griffith [Griffith, 1921], based on a thermodynamic approach, the surface energy
involved in the growth of a crack may be considered as a material property, usually referred to as the
fracture energy Gt (kNm/m2), or, when referring to the energy dissipated per volume unit, the specific

fracture energy g, (KNm/m3),

g = (3.11)

=

Furthermore, considering the physical behaviour of the material, it is known that the crack propagation

phenomenon depends on the stress installed at the crack tip. Consequently, it is possible to establish a
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correlation between the installed stress and the specific fracture energy [de Borst & Sluys, 1999], by

regarding the area under the stress-strain diagram as a specific material property (Figure 3.11).
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Figure 3.11 — Schematic representation of the different phases of a concrete’s behaviour up to failure.
Unidimensional stress-strain diagrams and definition of the specific fracture energy (adapted from
[Oliveira, S. 2000])

The total amount of energy involved in the cracking process must be fully dissipated in the distributed
cracking band, in order to meet the thermodynamic criteria stating that the potential energy initially
available in the material must be equal to the amount of energy consumed during the fracture process.
Based on a physical approach on the process of concrete fracture under tension [Oliver, 1989], the
expended work during this process is proportional to the volume where cracking occurs and to the

specific fracture energy,

W,

diss

<V, -g, (3.12)

3.4.4 Softening and strain localization

As mentioned previously, concrete failure involves the material softening phenomenon, which
represents a gradual stress decrease for a strain increase after the linear elastic threshold is exceeded.
Therefore, to simulate the crack propagation process up to failure it is necessary to consider a

strain-softening branch for the concrete constitutive law. Material softening occurs in the FPZ due to the
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strain and damage evolution in that zone, along a band of width w,, , which will eventual result in concrete

failure [Bazant & Oh, 1983].

For FE models based non-linear structural analysis using constitutive laws with strain-softening, the
strain accumulation and material damage is expected to be localized in specific zones of the discrete
system, corresponding to the FPZ. The stresses and the values of damage variables are calculated in
the integration points (Gauss points, see Chap.2): the volume associated to the points with non-null
damage is used to compute the energy release in the fracture process. In this this way the problem
might be ill-posed, given that the obtained results become dependent on the adopted discretization, i.e.
dependent on the finite element’s size. Therefore, it is necessary to seek for solutions that ensure the

reliability of the obtained numerical results, i.e. results that do not depend on the adopted discretization.

Small-scale problems

For problems of reduced dimensions (e.g. simple structural elements or small structures), a considerable
mesh refinement is used and consequently the FPZ comprises various finite elements (Figure 3.12). In
that case, it is numerically possible to obtain failure localization in zones of null volume. Although this is
not incoherent from a thermodynamic perspective [Bazant & Planas, 1998], it poses an inaccuracy in
terms of the mechanical behaviour of the material. Thus, it is usual to use localization restraints to
guarantee that cracking occurs in volumes with a minimum size, as in the case of the smeared crack

band and the non-local models.
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Figure 3.12 - Failure localization for small-scale problems

Large-scale problems

To study problems of large dimensions (e.g. concrete dams), considering the limitations imposed due
to the available computational resources in terms of both data storage and performance, it is common
to define discretized systems in which the volume involved in the failure process, i.e. the width Wb*

associated with the Gauss points, is significantly greater than the actual volume involved in the material

cracking phenomenon (Figure 3.13).
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The determination of the mesh-dependent width of the FPZ w, is not a simple process in
three-dimensional analysis due to the complexity of the fracture phenomenon, namely concerning the
shape and propagation process of cracks. This fact makes it difficult to establish clear scientific criteria
to define this parameter, being usual to calculate it based on simplifying hypothesis. For example, some
of the used techniques are: i) the width w," value is estimated by the user, based on the used FE mesh;
i) by considering the size (or volume) of the finite element where failure arises, Wb* = \/W ; and iii) using
a consistent formulation, taking into account the cracking orientation and the dimensions of the FE in

analysis [Oliver, 1989].

Gauss point where
failure occurs

Figure 3.13 - Failure localization for large-scale problems

For such problems, the cracking zone is associated with the volume (or weight) of each quadrature
Gauss point V, , which might be characterized by a width w, greater than the real FPZ width w, . In
that case, it is necessary to adopt a corrected specific fracture energy g, , by using fixed constitutive

laws, in order to guarantee that the dissipated fracture energy is calculated in a consistent and realistic

way for all quadrature Gauss points where cracking occurs,

G =W, g, =W, g (3.13)

In special cases, it might be possible to define a mesh discretization such that the volumes of the Gauss
points are of the same order of magnitude as the dimension of the real FPZ, that is w,” =w, .
Consequently, the real stress-strain diagrams can be used for all points were material damage occurs,

and thus the computed solutions are not mesh-dependent.

3.5 Development of a constitutive damage model for the concrete

Aiming to perform FE based non-linear analysis of concrete structures, it is essential to use robust

constitutive models for an accurate simulation of concrete’s behaviour up to failure, considering the
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fundamentals of Continuum Damage Mechanics and Fracture Mechanics. Also, it is important for
developed numerical models that ensure a simple analysis of the material’s mechanic behaviour under
tension and compression, as well as to structure the damage law algorithm based on variables that can
be directly calculated from strain tensors, which can be simply computed determined when using FE

formulations.

In DambDamage3D1.0, the non-linear behaviour of concrete up to failure is simulated based on an
isotropic damage model with two independent scalar variables, d* for tension damage and d- for
compression damage [Faria, 1994; Oliveira, 2000], considering the strain-softening phenomenon and
the smeared crack hypothesis. This damage model enables the calculation of real stress tensors from
effective stress tensors, considering the damage evolution, for applied strain increments. Also, the
stiffness reduction associate to damage is considered, while the irreversible plastic strains are not. The

main theoretical bases that support the constitutive damage law and its algorithm are presented.

3.5.1  Thermodynamic consistency: free energy potential

The formulation of a realistic constitutive model be consistent from a thermodynamic point of view,
meaning that the damage evolution laws used to describe the material degradation process must
properly represent its irreversible nature. With that aim, a free energy potential y that verifies a
thermodynamic fundamental condition y >0 is postulated, using an expression similar to the specific
elastic strain energy [Mazars & Pijaudier-Cabot, 1989; Faria & Oliver, 1993] that represents the area

underneath the stress-strain diagram for the uniaxial case,

Y=o (3.14)

Generalizing for a triaxial stress state, the stress tensor, defined in the space of principal stresses

s (3.15)

c=0"'+ o (3.16)

and thus the free energy potential can be rewritten as
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Based on the concept of effective stress (eq. 3.6) and considering that the above decomposition
(eq. 3.16) is valid for the effective stress tensor, the tension and compression tensors can be written in

terms of the respective damage variables

o' =(1-d")s" (3.18)

o =(1-d)¢ (3.19)

Finally, the free energy potential can be defined in terms of the tension and compression components

of the effective stress tensor

W= (-5 e+ (1-d)5 (3.20)

and, considering the effective stress-strain relation for a material with internal damage (eq. 3.7), it yields

w= %(1—d+ )@*I:_)O’lg~+%(1—d’ )6 D, ' (3.21)

This formulation [Faria, 1994; Oliveira, 2000; Oliveira & Faria, 2006] always assumes nonnegative

values [Faria et al., 1998] and hence fulfils the referred thermodynamic condition.

3.5.2 Damage criteria and damage evolution laws

In order to simulate the damage evolution, it is essential to establish specific damage criteria, to bound
the material linear elastic behaviour, and evolution laws for the internal damage variables d*and d-,
making it possible to control the evolution of the damage variables for each applied strain increment.
Additionally, the damage formulation must incorporate a “memory” feature to model the damage

process and its irreversible nature throughout the strain’s application.
Elastic domain and stress thresholds
First, it is necessary to outline the bounding surfaces of the elastic domain and consequently determine

the corresponding stress thresholds. Considering the partition of the effective stress tensor into tension
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6" and compression &~ components, it is convenient to introduce the concept of equivalent stress,
given by positive scalar values, to enable the comparison between 3D stress states and the referred
linear elastic thresholds.

Assuming the equivalent effective tensile stress [Simu & Ju, 1987] to be equal to

' = (6")'D;'6" (3.22)

then linear tension threshold can be established, using a formulation that was considered to adequately

reproduce known experimental results [Faria, R. et al. 1998], that is

o=, =—f = (3.23)

where f;' represents the maximum admissible tension for linear elastic behaviour, as determined in a

standard uniaxial tensile test.

Regarding the behaviour under compression, it is important to note that concrete presents a greater
strength for biaxial or triaxial compression. Therefore, the equivalent effective compressive stress
[Faria & Oliver, 1993] is defined as

# = WBK 6oy +50) (3.24)

assuming the elastic domain is defined by a bounding surface based on the Drucker-Prager yield

criterion. The parameter K is a material property related to the yield surface [Faria, 1994] and it can be

obtained experimentally from the maximum admissible compressive stresses for uniaxial f; and biaxial

f,, tests,

R, =2 (3.25)

K=z 1R (3.26)
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The octahedral components of the effective compression tensor ¢~ are the mean normal stress &,

(or hydrostatic stress) and the shear stress 7, , which are calculated by

oct ?

Gon = %tr(é’) (3.27)
- 2.
Toct = §J2(g ) (328)

where J, is the second invariant of the deviatoric stress tensor and it can be calculated in terms of both

the principal stresses and the principal deviatoric stresses as shown in [de Borst & Sluys, 1999]. Finally,

the linear elastic compressive stress threshold is obtained

o = \/E(K-fo‘ +2.[f; ) (3.29)

3

Based on the tension and compression stress thresholds, a bounding surface defining the elastic domain

is established, which is represented (Figure 3.14) in the principal stress space for &, =0.
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Figure 3.14 - Elastic domain bounding surface, as defined by the stress thresholds [Faria & Oliver, 1993]

Damage criteria

For a point in a material domain under a given stress state, the damage process begins once the
respective linear elastic threshold is exceeded, 7* > r*. From that moment on, the analysis is performed

in the non-linear domain and the equivalent effective stresses need to be compared with the respective
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damage thresholds, r* and r~, aiming to control the evolution of tension and compression damage.

Thus, the following damage criteria can be established [Simu & Ju, 1987]

T<rt ;T <r (3.30)

Assuming that an incremental loading process is implemented, e.g. by applying strain increments in

consecutive loading steps, then the damage phenomenon begins, say, at step n+1, if the linear elastic

~t

domain threshold is exceeded, 7:,, >r, . Henceforth, damage can only increase, which occurs when

~*
n+l

the equivalent effective stresses surpass the new thresholds, >r,. These new thresholds, r and

r., are obtained as the highest values reached by the equivalent stresses until iteration n. Finally, the

intended damage criteria are established [Faria, 1994; Oliveira, 2000; Oliveira & Faria, 2006],

+

i R ~t + + +
Linear domain, 7,,, <r, — d =0 — r., =",

(3.31)

Non-linear domain, 7, >r* — d*>0(d;,>d;) — r’

n+l n+l = n+l

=max(r,’; 7,.,,)

ensuring that the stress thresholds and the damage values are constantly updated throughout the

loading process, aiming to control the damage phenomenon evolution and to ensure its irreversibility.

Damage evolution laws: tension damage d*

Concerning the concrete behaviour under tension, the stress-strain constitutive laws present an
ascending branch, representing the linear elastic domain, followed by a post-peak descending branch
to simulate material softening until failure occurs, which can be achieved through linear, bilinear or

exponential functions (Figure 3.15).

To simulate concrete failure under tension using a constitutive law with an exponential softening branch,
the evolution of the tension damage scalar variable d* is based on the evolution law [Oliver, Cervera,
Oller & Lubliner, 1990; Oliveira & Faria, 2006],

+ AT %)
>rt 5> d=1-2e © (3.32)
T
where A* is a parameter given by
G.E
A" =(— e (3.33)
w,(f,) 2
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which is defined to ensure an appropriate energy dissipation during the fracture process, considering
the fundamental concepts of Fracture Mechanics.

) b) )

Figure 3.15 - Concrete behaviour under tension. Constitutive law with different types of softening branches: a)
linear, b) bilinear and c) exponential (adapted from [Oliveira, 2000])

Compression damage d-

As for concrete compression behaviour, the constitutive stress-strain relation (Figure 3.16) is
characterized by a linear ascending branch that defines the linear elastic domain, until the uniaxial
maximum stress is exceeded, followed by a pre-peak hardening curve. After the peak compressive
stress is reached, the constitutive law presents a descending curve to simulate softening under

compression until the failure state, which is not fragile as in tensile failure.

€

i Suz

Figure 3.16 — Concrete behaviour under compression. Constitutive laws to represent different types of softening
(adapted from [Oliveira, 2000])

The concrete failure under compression is controlled by the progression of the compression damage
scalar variable d-, based on an evolution law that ensures an accurate simulation of both hardening and
softening phenomena of concrete [Mazars & Pijaudier-Cabot, 1989; Faria & Oliver, 1993; Oliveira &
Faria, 2006]
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B (1)

For o> d=-1-f@a-A)-Ae © (3.34)
T

where A™ and B~ are two parameters calculated from two points P1 (o, ;¢; ) and P2 (o,;&, ) on the

stress-strain diagram [Faria & Oliver, 1993],

(o3} _?Gl
A = — (3.35)
B (1-1) r-
e " —2\6
T
1
I 1 ) R
B, »B;,, =B, ———= (iterative process) (3.36)

t'(B)
i AR T | CRCe e AR T BN e
f(Bi ):Ko-2 —%szal:l e —% —Kal —%Gljaz:l e ° —% (3.37)

3.5.3 Constitutive damage law with two independent damage variables

As mentioned throughout this chapter, during the deterioration process the dissipated energy can never
decrease, which the Clausius-Duhem inequality —y'+ "¢’ > 0 must be fulfilled. Therefore, considering
the postulated free energy potential in eq. 3.21, the constitutive damage law with two independent
damage variables [Oliveira, 2000; Oliveira & Faria, 2006] to simulate the concrete’s non-linear behaviour

up to failure is defined
g=(1-d)g" +(1-d)s (3.38)

This damage law enables the calculation of the Cauchy stresses from the effective stresses, considering
the damage criteria and the damage evolution laws for the tension and compression damage variables,

d* and d-. The stress-strain diagrams for uniaxial tension and compression are presented in Figure 3.17.
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Figure 3.17 - Implemented constitutive law. Stress-strain diagrams for uniaxial tension and compression
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Considering that the objective is to incorporate the presented damage model in the 3DFE based
program DamDamage3D1.0, the developed MATLAB code, CDamageModel.m, was structured in order
to compute the Cauchy stress tensors from strain tensors, which can be simply obtained from the vector
of displacements in the main program. Additionally, an auxiliary code ParametersCDM.m was
developed to calculate the parameters used in the damage evolution laws.

To calibrate the developed code, some tests were performed to obtain the uniaxial stress-strain
diagrams, considering the loading process to be simulated by applying consecutive strain increments
until failure occurs (=0 and d=1). The algorithm used to obtain unidimensional stress-strain
diagrams is presented in Figure 3.18 for a generic 3D analysis, including the algorithm for the
constitutive damage model. The computed results are shown in Figure 3.19, namely for positive and
negative strain increments, to simulate the evolution of tension and compression damage and to test
the memory feature of the damage model.

Based on the computed stress-strain diagrams, the calculated constitutive laws present the intended
shape, meeting the stress and strain values that define the linear elastic domain until the maximum
admissible stresses, and following the strain-softening branch until failure occurs, under both tension
and compression. Also, when alternate positive and negative strain increments are applied to simulate
a loading-unloading process, the defined damage evolution laws can simulate the required “memory”
feature. To conclude, the implemented code of the constitutive damage model with two independent
damage variables is able to properly simulate the concrete’s non-linear behaviour up to failure and its

irreversible nature, considering the progression of damage under tension and compression.
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44

Read input data

1.1. Material properties: E,v,K,,,G —>D,;

1.2. Strain increment: Ag

o foarfi s Guwy: Puor.&),Py(o,,¢;)

Run ParametersCDM.m: calculate main parameters for the damage evolution laws

2.1. Tension: r;/, A"

2.2. Compression: Ry, K, r,;, B", A~

Initialization of the main variables:

+

3.1. Stress thresholds 1" =r;

+

3.2. Scalar damage variables d; =dj
3.3. Effective stress tensors &, =0

3.4. Cauchy stress tensors g, =0

For each loading step n+1 (strain increment Ag ) — run CDamageModel.m:

4.1. Compute the effective stress tensors: &,., =&, +D, - Ag

4.2. Compute equivalent effective stress tensors: 7,

+ . &
n+l? Tn+1

4.3. Verify damage criteria and update stress thresholds

A EL <y > df=0 -

n+l —

+
Az,

4.4, Calculate damage variables

+ p—
n+l —

. Tension damage: d

>rr > d*>0 -

r-,="r,; repeat4

. =max(r;;7;,,); continue

.
AT (1)
I

—€

B (1-ni)

. Compression damage: d,,, = 1—%(1— A7)-Ae fo

4.5. Compute Cauchy stress tensor

- Oh1 = (1_ d:ﬂ)o:ﬁ + (1_ d;+l)g-

n+1

. Stop program when [g,, =0 & d=1]

n+l

4

Figure 3.18 - Computational algorithm used to obtain unidimensional stress-strain diagrams (damage law)
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30
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e (x107%)

Figure 3.19 - Computed stress-strain diagrams for uniaxial strain increments: a) tension, b) compression and c)
alternate tension and compression
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4] Development of a 3D FE program for non-linear analysis
of arch dams

4.1 General considerations

The development of computational tools to simulate the structural behaviour of dams is of the utmost
importance to study their performance for different accident/incident scenarios and to support safety
control studies for new and old dams. The implemented numerical models must be based on robust
theoretical bases and formulations, using well defined parameters with clear physical meaning, in order
to achieve accurate and reliable solutions. Additionally, it is important to seek to maximize computational
efficiency in terms of performance and data storage, without compromising the quality of the obtained

results, as well as to manage and present those results in a complete and comprehensible way.

In this chapter, the program developed for non-linear static analysis of arch dams, DambDamage3D1.0,
is presented. The main features and assumed hypotheses are addressed, and the program’s algorithm
is shown. In order to test and calibrate the developed code, non-linear calculations are conducted for a

simple case study of a concrete frame structure with known expected behavior.

4.2 DamDamage3D1.0

DambDamage3D1.0 is a 3DFE program that was developed and optimized for non-linear static analysis
of large concrete arch dams. The structural response is analysed for the static load combination
including the self-weight (SW), assuming the body load to be applied simultaneously, and the hydrostatic
pressure at the upstream face (HP), considering the water level at the crest height (full reservoir). The
hypothesis of isotropic materials is considered. No joints or cracks are considered in the dam body nor

in the foundation.

The discretization of the dam and the foundation is achieved using isoparametric elements with twenty
nodal points and three degrees of freedom on each point. Based on the implemented FEM formulation
(recall chapter 2), the self-weight and the hydrostatic pressure are computed as body forces on the dam
volume domain and as boundary forces on the dam upstream face from chapter 2. The dam’s stiffness
matrix is calculated by summing the elementary stiffness matrices, considering the defined material
properties. The foundation is simulated as an elastic body according to the massless approach, which
means that is stiffness matrix is previously calculated and consequently condensed at the dam-
foundation interface to introduce elastic supports at the dam base. With this approach the numerical

calculations are performed only for the dam.

For linear static analysis, the displacement field is computed by solving the global equilibrium equation
for the discrete system, while the stress tensors are calculated for all Gauss points over the domain,

using the Gauss integration method
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The non-linear analysis is carried out based on the stress-transfer iterative method (see section 2.4.4),
considering the redistribution of unbalanced stresses (or forces) across the structure domain due to the
material deterioration and consequent strength decrease. The aim in this procedure is to compute the
displacements and the real stress tensors at each point over the domain, in order to assess the resistant
capacity of the structure for the applied load. The concrete non-linear behaviour up to failure is simulated
using an isotropic strain-softening constitutive damage law with 2 independent damage variables (d* for
tension and d- for compression), which is incorporated into the stress-transfer code to compute the real

stresses from the strain increments.

The inputs to this program are the FE mesh dam (nodes and elements), the material properties and
other parameters, and info about the load combination. As outputs, the program provides high quality
3D graphical representations of the deformed shape and the stress field for linear and non-linear
analysis. For the latter, the results obtained at the end of the stress-transfer process include 3D figures
with tension and compression damage distributions and personalized notes concerning the
convergence of the iterative method. The stress tensors and the damage variables are computed for

every quadrature Gauss point of all elements of the mesh.

The computational algorithm developed for DamDamage3D1.0 in MATLAB is presented in Figure 4.1.
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1. Read input data file

1.1. Mesh data: nodes (coordinates) and finite elements

1.2. Material properties (dam and foundation)

1.3. Material properties (non-linear behaviour)

2. Foundation stiffness matrix
2.1. Compute the element stiffness matrices (Gauss integration): k;

2.2. Compute the global matrix (assembly): K. :ZKf

i

2.3. Compute the condensed stiffness matrix at dam-foundation interface nodes: K,

3. Dam stiffness matrix and force vector
3.1. Calculate element stiffness matrices, self-weight mass force vectors and hydrostatic
pressure boundary force vectors (Gauss integration):

e _ T e e _ T e _ T T
k —jgeguggug do, f —_[reuutdr and —;/er N;. ol h, dr

te

3.2. Compute global stiffness matrix and force vector (assembly): K= >"k®; F=) f*+> f¢

r,

3.3. Calculate global elastic stiffness matrix (overlap of K, into K): K,

4. Linear analysis

4.1. Compute the displacement vector u by solving the equilibrium equation: K, -u=F

4.2. Compute the elastic stress-tensors ¢ , for every Gauss point of each FE:

u—-u®—->o =DB u®
~ ~ “’nGP _ =

Ungp =

4.3. Analyse results (3D graphical representations)

4.3.1. Displacement field (values on all element nodes)

4.3.2. Stress field (values on all Gauss points)

5. Non-linear analysis: stress-transfer method & constitutive damage model

5.1. Define the applied load and compute the displacement vector: F, = 1-F > u =K' -F_

5.2. Perform stress-transfer (iteration 1)
5.3. In every iteration n+1

5.3.1. Read variables from previous iteration

e For all Gauss Points: effective stress tensor ¢, , stress thresholds rni , damage variables
d; , Cauchy stress tensor o,

‘ ¢ Unbalanced forces vector ¥, = F, - ,, corresponding displacements U, = K, ¥,

Figure 4.1 - a) Computational algorithm developed for DamDamage3D1.0 in MATLAB
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5.3.2. For each FE

 Read material properties: E,v,K,,,G —D,; f,".f; ..., i G, w,;P,(0,,¢,),P,(0,,¢,)

¢ Run ParametersCDM.m: calculate main parameters for the damage evolution laws
v’ Tension: r,, A"
v Compression: R, K, r;, B7, A~

e Calculate the nodal displacements from the nodal unbalanced forces (iteration n): g?yn

e For each Gauss Point - run CDamageModel.m:

i.  Compute strain increment (from the unbalanced forces): A¢ =By, U,

ii.  Compute the effective stress tensor: ¢,,,, =G, +D, - Ag

Compute equivalent effective stress tensors: 7,,,; 7,4

iv.  Verify damage criteria and update stress thresholds

= U5, <ty o> d =0 o> i =1y

n+l — n+l

* ks ks
" Tn+1 > rn - dn+1

>d:>0 — r7,=max(r;7.,)

v. Calculate damage variables
: re A @)
* Tensiondamage: d;,, =1-"°/_ e °© 20

n+1
= . Compressiondamage: d. , =1-"°/_ (1-A")-A"e ° >0
Tn+1

vi. Calculate Cauchy stress tensor: ¢, =(1-d; )é.,+1-d )G, .,

vii.  Save main variables in global data matrices

e Calculate the elementary nodal resistant forces (Gauss integration): f5 = IQ EI cdQ

5.3.3. Calculate the global resistant load vector: F, | = ZIR?
e

5.3.4. Calculate the unbalanced forces vector: V' = F -

n~ ~ap

5.3.5. Compute the global displacement vector: u,., =U, +U,

~ n+l

= lﬁal '(Eap + Tm—l)

]xlOO

e If (Normn.+1 > Tol & n+1 > niermax) — Stop stress-transfer (divergence)

u
5.3.6. Convergence test: u,, = Ko (¥,,.) = Norm,_, = [LWM

U,

e If Normn+1 > Tol — Continue stress-transfer (repeat 5.3)

e If Normn.1 < Tol — Stop stress-transfer (convergence)

5.4. Analyse non-linear results (3D graphical representations)

5.4.1. Displacement field (values on all element nodes)

5.4.2. Stress field (values on all Gauss points)

5.4.3. Tension and compression damage (values on all Gauss points) R ! .
\ Z

Figure 4.1 - b) Computational algorithm developed for DamDamage3D1.0 in MATLAB
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4.3 Code validation. Test with a 3D structure

Aiming to calibrate and optimize the stress-transfer and the damage model codes for 3D structural
calculations, non-linear tests were carried out for a simple structure with a controllable behaviour. This
structure is a 3D frame structure with three columns (1x1x5 m?), supporting a beam (5x1x1 m?3) at the
top, with another beam acting as an elastic foundation. The upper beam is assumed to have infinite
stiffness and strength, so it does not suffer any deformation. All remaining structural elements have

Young’'s Modulus E =30 GPa and Poisson ratio v =0,2. However, the central column is made of
regular concrete, with and tension and compression strength of f; =2 MPa and f, =-30 MPa, while

the lateral columns and the lower beam present much higher material strength, ensuring only linear
elastic behaviour occurs. Also, high stiffness is assumed at the base of the lower beam to simulate a
foundation behaviour with elastic supports. Therefore, according to above hypothesis, concrete failure
is expected to occur only at the central column without causing the collapse of the structure, which

remains in equilibrium.

3D FE mesh and material properties

Upper beam
—E=w

=30 -

=25

1 0.5 0 0.5 1 1.5 2 2.5 3 3.5 -4
e (x10%)
T T T T E =30 GPa
T . . ff=2MP
\\ Lower beam with elastic ° a
supports f, =-30 MPa

(K = 10" kN/m)

Figure 4.2 - Test structure: 3D FE mesh, properties and constitutive damage law for the central column
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The non-linear analysis is studied by applying nodal vertical forces at the top of the upper beam, causing
high stress values in the columns and hence concrete damage in the central column until its failure
occurs. Consequently, the unbalanced stresses are to be redistributed to the remaining structural
elements which will not present damage due to their high tension and compression strength. Also, even
though the central column “collapses”, the structure is expected to present enough global resistant
capacity to withstand it and redistribute all arising unbalanced stresses until equilibrium is reached. Two
simulations are presented to analyse the effects of both tension and compression damage (stress and
damage values are only shown for the three columns), with a convergence tolerance of 0.1% for the

unbalanced forces.

The first test was carried out considering the application of nodal vertical traction force resulting in

Fa*p =10000 kN For the first iteration (Figure 4.3), a maximum vertical displacement of 0.43 mm and a

maximum tensile stress of 4.08 MPa were computed at the central column. Given the effective (or
elastic) stresses exceed the material tensile strength, tension damage occurs (from 0.1 to 0.4), and the
stress-transfer procedure continues by redistributing the unbalanced stresses to the other structural
columns. At the end of the stress-transfer (Figure 4.4), failure occurs at around mid-height of the central
column, with tension damage values equal to 1, while the installed real stresses become approximately

Zero.

The second test was performed for nodal vertical compressive forces, in a total of F,; =-100 000 kN .

The preliminary analysis (Figure 4.5) results in a maximum downward displacement of 4.36 mm and
maximum compressive stresses of -40.85 MP, for the central column. Again, the computed effective
stresses are greater than the compressive strength and thus compression damage occurs (values
between 0.2 and 0.4). Again, resulting unbalanced forces are to be redistributed across the structure
according to the global resistant capacity. At the end of the stress-transfer process (Figure 4.6), the
central column collapsed due to concrete crushing at about half its height, where the damage value is

equal to 1.

Naturally, in both simulations the stresses initially supported by the central column are transferred to the
other structural elements and the maximum displacements increase until failure occurs. As expected,
convergence is achieved, the structure reaches a state of global equilibrium upon the redistribution of
all unbalanced forces and therefore, structure presents enough resistant capacity to support the applied

forces.

In conclusion, the expected behaviour of the test structure under traction and compression forces was
successfully simulated, i.e. the collapse of the central column occurred and the consequent redistribution
of the resulting unbalanced stresses until global equilibrium was reached. Therefore, the program
DambDamage3D1.0 is a reliable tool for analysing the non-linear response of arch dams, considering

the concrete tension and compression damage phenomena with a constitutive damage model.
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Figure 4.3 - Tension damage test. First iteration: displacement and elastic stress fields, tension damage values (d*)
and real stress field
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Figure 4.4 - Tension damage test. End of stress-transfer: displacement field, convergence test, tension damage
values (d*) and real stress field
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Figure 4.5 - Compression damage test. First iteration: displacement and elastic stress fields, compression damage
values (d-) and real stress field
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Figure 4.6 - Compression damage test. End of stress-transfer: displacement field, convergence test, compression
damage values (d-) and real stress field
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5] Non-linear analysis of a large arch dam. Study for the
concrete strength decrease scenario

5.1 General considerations

In the scope of the structural safety control of large arch dams, it is common to study the main scenarios
related to the foundation stability and to the integrity of the dam body, including the dam’s structural
safety verification for the concrete strength decrease scenario, with the goal of calculating a global safety
factor, for the main operation static load combinations (self-weight, hydrostatic pressure, thermal
gradients and eventually internal swelling processes). The concrete non-linear behaviour is considered,
knowing that the material deterioration will cause a variation in the concrete properties, namely a
stiffness decrease, and thus influence the dam’s resistant capacity. It is also worth mentioning the

importance of using different material properties to carry out comparative parametric studies.

The case study for this work is Cabril arch dam. The developed 3DFE model and the material constitutive
laws are presented. The structural response of the dam is studied, considering both linear elastic and
non-linear material behaviour. For the case of the non-linear analysis, the goal is to analyse the referred
concrete strength decrease scenario and thus verify the structural safety of the dam, using two strain-
softening constitutive laws to analyse the influence of the softening phenomenon. It is also carried out
a comparison with results obtained with a refined mesh to further check the implemented damage model.
As for the numerical results, the displacement and stress fields are presented, as well as graphical
representations of the distributions of tension and compression damage (calculated in every Gauss point
of each dam finite element). It is also worth mentioning that for the case of the stress fields, the principal

stress values are only shown in some specific Gauss points to facilitate their interpretation.

With the study presented in this chapter it is intended to demonstrate the potential of the program
DamDamage3D1.0, developed using MATLAB, to perform non-linear structural analysis and safety

verifications of arch dams.

5.2 The concrete strength decrease scenario for arch dams

This failure scenario has been studied in LNEC for several decades (Figure 5.1) to assess the structural
safety of concrete dams under static loads. Initially, by performing failure tests using physical scaled
models (made of gypsum and diatomite) [LNEC, 1991; LNEC, 1993)], and later, through the integrated
use of physical and numerical computational models [LNEC, 2003, 2010, 2014]. This scenario is
commonly studied by considering the operational static load combination including the dam’s
self-weight, and the hydrostatic pressure of the reservoir, which was simulated using hydraulic jacks in

the physical models.

Based on the fundamental procedures of the first experimental failure tests with physical models, the

goal of the referred study is to determine a safety factor (As), which is calculated as the maximum
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multiplying factor (A) that can be applied to the static load combination without causing the dam to
collapse, representing the maximum strength (peak stress) decrease that can occur. As previously
referred, the safety factor is determined using this method of load amplification because it is not possible

to reduce the material’s strength in the physical models.

a)

b)

Figure 5.1 - Study of the concrete strength decrease scenario for Cabril dam: a) reduced scale physical model used
in a failure test; and b) 3D FE model of Cabril dam and the material constitutive law
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5.2.1 Structural behaviour and damaged zones

In terms of the observed structural behaviour, studies carried out for concrete arch dams in the CDD
[LNEC, 2003, 2010, 2014] show a certain pattern in terms of the most commonly affected areas by
material deterioration for the situation of imminent collapse. As for the displacement field, a gradual
increase in the maximum displacement is typical, with the maximum displacements arising at the top of
the central cantilever. Considering the concrete deterioration under tension, it is usual to observe the
arising of cracks along the lower part of the upstream face, near the dam base, namely caused by high
tensile stresses (mainly due to the hydrostatic pressures), and, in some cases [LNEC, 2003] at the upper
area of the dam, where the maximum displacements occur. As for the damage under compressive
stresses, the most severely damaged zones, where concrete crushing can occur, usually arise at the
upstream face near the base, due to significant compressions in parallel with the insertion, as well as in
the upper central volume of the dam body, caused by compressive stresses along the arch. Finally, the

dam’s structural behaviour can be influenced by its geometry and eventual asymmetries.

5.2.2 Compression damage in arch dams and its importance for the concrete

strength decrease scenario. Numerical issues due to strain-softening
For most structural safety studies, the phenomena of concrete failure under compression is not as
relevant as in the case of tension, due to the its greater compressive strength (fragile material). This is
also applicable for the case of concrete dams, being usual the arising of cracks due to high tensile
stresses in the dam body, which might be important. Nevertheless, to study this specific failure scenario,
it is essential to consider the concrete deterioration under compression up to failure, given that this

phenomenon is more significant to the dam’s collapse.

As is common in the numerical studies performed in CDD-LNEC [LNEC, 2003, 2010, 2014], the concrete
deterioration is simulated using damage models that originate strain-softening constitutive laws, based
on the smeared crack hypothesis s and considering this phenomenon is associated to a certain energy
dissipation. Therefore, given the importance of compression damage, one can recall the concepts
regarding material failure under tension in section 3.4, namely referring to the energy dissipation during
the failure process and the issues of damage localization. Thus, when performing FEM based

calculations, the problem of mesh dependent results is applicable.

For problems of large dimensions, as is the case of large concrete dams, a typical solution to overcome
these numerical issues consists in using a certain FE discretization, in order to guarantee that the
volume associated to each Gauss point is of a similar size to the actual material volume involved in the
failure process, which in the case of tension failure refers to the FPZ volume (for the concrete used in
dams, where the maximum aggregate dimensions is of about 20 cm, one can considerer the maximum

FPZ's width to be w, =1). Concerning the process of concrete crushing under high compressions, a

similar assumption can be made. If this is true, then the stress-strain diagrams used in numerical
calculations may be assumed to represent the “real” material constitutive laws, thus ensuring a realistic

energy dissipation associated to the damage phenomenon and eliminating the dependence on the FE
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mesh (an analogous analogous line of reasoning was followed to ensure an adequate simulation of the
concrete’s non-linear behaviour for the reduced scale models). Otherwise, when using finer or coarser
meshes, one must implement a solution to overcome mesh dependence and guarantee the quality of

the numerical results, such as the ones addressed in section 3.4.3 for large scale problems.

In any case, it should be stated that when this type of hypothesis is assumed, one should be aware of
the simplifications assumed and of the resulting limitations of the numerical models when analysing the
computed numerical results. However, based on previous studies, it must be noted that the

abovementioned approaches have proven to be quite accurate, enabling to achieve satisfying results.

Regarding DambDamage3D1.0’s code, the above-mentioned principles were followed when developing
the implemented algorithm, which does not automatically adjust the parameters that influence the
energy associated to the failure process according to the FE mesh dimensions. Therefore, the FE
models and the constitutive laws used in this work or in future studies must be developed in order to
guarantee a consistent energy dissipation based on realistic constitutive laws and to ensure an accurate

simulation of concrete failure.

5.3 Case study: Cabril arch dam (132 m high)

Cabril dam (Figure 5.2 and Figure 5.3), the highest arch dam in Portugal, is located on the Zé&zere river.
The dam was built between September of 1952 and December of 1953, while the reservoir filling took
place from 1954 to 1956. This 132 m high double curvature arch dam (circular radius) is an impressive
engineering work, with a total volume of about 360 000 m3. The crest reaches an altitude of 297 m and
is 290 m long. The central cantilever has a maximum width of 20 m at the base of the dam and a
minimum of 4.5 m at the upper part, 7 m below the crest, which was widened at the crest to allow the
dam to be crossed by a road. The structure’s transition to the insertion in the foundation was designed

to provide a symmetrical shape to the dam.

The foundation consists on a granite massif of global good quality, which improves with depth. As for
the reservoir, the water surface elevation ranges from 240 m (minimum required level for operating the
dam) to a maximum storage level of 294 m (the maximum flood level is 296.3 m). The surface area is
of about 20 000 km? with a total maximum capacity of 720 000 000 m3. A reinforced concrete intake
tower with the same height of the dam was constructed next to the upstream face, which leans against

the dam for lower water levels.

Regarding the dam’s structural behaviour, it is important to refer a cracking phenomenon at a height of
280-290 m that occurred during the first filling of the reservoir, when the water elevation was close to
the maximum level. This phenomenon was caused by high vertical tensions installed in the upper area
of the downstream face, due to the greater crest width, leading to the opening of horizontal cracks. It
should be noted that this set of cracks does not compromise the integrity nor the proper operation of the

dam, which remains in good condition to this day.
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3FE model of the
dam-reservoir- foundation system

Figure 5.2 - Cabril dam (132 m high). Aerial view, downstream views, example of a 3DFE model and cracked zone
detail
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Figure 5.3 — Cabril dam. Technical drawings: Plan, upstream face elevation and central cantilever’s cross section
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Safety verifications for the concrete strength decrease scenario were carried out in the past in LNEC for
Cabril dam, based on failure tests, with physical scaled models made of gypsum-diatomite [LNEC, 1991,
1993], and based on numerical studies, using 3D FE models [LNEC, 2003] (Figure 5.4).

For the experimental tests, the safety factors ranged from 7.8 to 8.8 according to different gypsum-
diatomite ratios or different material properties attributed to certain zones of the scaled models,
considering a compressive peak strength of 30 MPa. Regarding the numerical calculations, the safety
factors varied between 7.2, for a constitutive law with an in inferior ultimate strain (less softening up to
failure), and 8.3, considering a constitutive law with a higher ultimate strain, both with a compressive
strength of 30 MPa.

Reduced scale model (gypsum-diatomite) Coarse mesh. 3DFE model

Figure 5.4 - Cabril dam. The concrete strength decrease scenario: a) reduced scale model for failure tests; and b)
3DFE model used in previous numerical studies

5.4 3DFE model, material properties and constitutive laws

The numerical simulation of Cabril dam’s structural behaviour was performed using a 3DFE model
(Figure 5.5) based on the dam’s real geometry. The presented mesh is a refined version of a coarser
mesh used in previous studies carried out in LNEC [LNEC, 2003]. The discretization was carried out
using 3D isoparametric FE with 20 nodal points, considering three elements in thickness for the dam
body, resulting in a total of 909 elements and 4904 nodal points. The stress and damage fields are
computed considering 27 Gauss points per element. The foundation is simulated based on the massless
approach. Thus, a block of the foundation massif was discretized using the same type of FE, and, as
mentioned in chapter 4, the foundation’s stiffness is calculated at the dam-foundation insertion in order
to simulate elastic supports at the dam base. With this approach, the structural analysis is performed
only for the dam. Regarding the reservoir, the water level can be chosen as an input to compute the

hydrostatic pressures at the upstream face.
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The cracked zone, existing at a height of about 280-285 m, is not simulated in this study, in order to
further check the developed model by attempting to simulate the stresses and thus the concrete damage
that originate the actual cracks existing in the dam. The incorporation of the join would eliminate the
vertical tensions arising in that zone. Also, the vertical contractions joints in the dam body and the dam-

foundation interface are not incorporated.

In terms of the material properties, the hypothesis of material isotropy, homogeneity and continuity are
assumed for the dam body, with Young’s modulus E = 20 GPa and Poisson coefficient v = 0.2. The
foundation is considered as a continuous and linear elastic medium, without any discontinuities and
properties equal to the dam (E = 20 GPa and v = 0.2), The constitutive damage model with 2
independent damage variables (d* for tension and d- for compression) presented in section 3 is used to
simulate the non-linear behaviour of concrete, considering a tensile strength " =3 MPa and a

compressive strength f; = -30 MPa.

To study the concrete strength decrease scenario for Cabril dam using the 3DFE model with no crack,
two constitutive laws are used. The aim is to assess the influence of the compression softening branch
in the overall non-linear behaviour of the dam. The type | constitutive law, intending to simulate a more
fragile concrete failure by considering a sharper softening phenomenon, and the type Il constitutive law,
which considers a superior ultimate strain (less inclined softening branch) to model a more “ductile”
behaviour of concrete up to failure. Finally, one should remind the assumptions addressed in sections
3.4.3 and 5.2.2 to state that the constitutive laws implemented in the numerical simulations ensure an
adequate energy dissipation for concrete failure and may be considered equivalent to the real stress-

strain diagrams of the concrete used in Cabril Dam.
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FE mesh

Elastic foundation
E =20 GPa
v=0.2

Dam concrete: material properties and constitutive laws
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Figure 5.5 - Cabril dam: 3D FE mesh, material properties and constitutive law (type | and type Il)
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5.5 Static load combination and structural analysis

Cabril dam’s structural response is analysed for the operational static load combination (Figure 5.6),
including the self-weight (SW) of the dam, assuming it to be applied simultaneously, and the hydrostatic
pressure (HP) at the upstream face, considering a water level Hy = 132 m that corresponds to the full
reservoir condition (water elevation of 297 m). No thermal variations or swelling reactions are considered

in the present study. Therefore, the load combination used is henceforth referred to as SW+HP132.

—_—
u
/|
/|
Water / Concrete
%4 =10 KN/m? | l . 7, =24 kKN/m®
SW
HP \
\AGV I O:
lrl 4 =5 3 L= |

Figure 5.6 — Schematic representation of the static load combination SW+HP for an arch dam and the corresponding
deformed shape

Cabril dam’s linear response for SW+HP132 is presented in Figure 5.7, including the displacement fields
and the principal stresses computed at the central Gauss points of each FE. The maximum displacement
is of about 54 mm and occurs below the crest (at 285 m), with a significant radial component in the
downstream direction, mainly due to the upstream downstream oriented water pressures. Regarding
the stress state, the dam is globally under compressions, which means the dam’s self-weight is

responsible for compensating the high tensions caused by the water pressures.

Nonetheless, important tensile stresses normal to the insertion are installed at the dam’s heel at the

upstream face, o, = 2.6 MPa; vertical tensions (o ~ 1MPa) also arise near the crest.

max

The higher compressions arise near the dam base at the downstream face ( o,,,, = —7.2 MPa), oriented

normally to the insertion, and in the upper part, with compressive arch stresses (o~ = =5.5 MPa).
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Linear analysis. Static load combination SW+HP132

Displacement field

o s,
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33.2
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Stress field (upstream and downstream faces)

Figure 5.7 - Linear analysis. Static load combination SW+HP132. Displacement and stress fields
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5.6 Safety verification for the concrete strength decrease scenario

The structural safety of Cabril dam is evaluated in this work for the concrete strength decrease scenario
by analysing the non-linear response, considering the material deterioration up to failure under tension
and compression. The aim if this study is to determine the global safety factors As using different
constitutive damage laws, in order to assess the influence of the compression softening branch in the

stress redistribution process consequently in the overall response of the dam.

The referred collapse scenario is simulated through non-linear calculations, in which gradually
increasing load multiplying factors (A) are applied to the static load combination, A x (SW+HP132), in
order to assess the global resistant capacity of the dam to support the installed stresses until collapse
occurs. Thus, the global safety factor is determined as the last multiplying factor that does not result in

the dam'’s collapse.

In this work, both constitutive laws presented in Figure 5.6 are used, considering a tensile strength of
4 MPa and a compressive strength of 30 MPa. For Cabril dam, the global safety factor for the concrete
strength decrease scenario is As = 7.4, using the Type | constitutive law, and As = 8.1, considering the
Type |l constitutive law. One should emphasize that the obtained values in both cases are in accordance
with the safety factors from failure testes in physical models and numerical studies performed previously
in LNEC.

The main results from the numerical simulations of Cabril dam’s non-linear response are presented
herein (Figure 5.8 to Figure 5.13), including: a) the evolution of radial displacements along the central
section of the dam, for a gradual increase of the applied load factor A; b) the deformed shape, obtained
at the end of the stress-transfer iterative process; and c) the distributions of tension and compression
damage variables, calculated on all Gauss points of the FE model, for the last calculation of the concrete

strength decrease scenario, with A = As.

About the evolution of displacements on the central cantilever, a gradual increase in the radial
displacements is computed. The maximum displacement occurs at the height 285 m: the values range
from 54 mm (A = 1) to 545 mm, using the constitutive law | (As = 7.4), and to 734 mm, for constitutive
law Il (As = 8.1).

Tension damage starts to occur upstream along the base of the dam, due to high tensions normal to the
insertion. Tension damage also occurs, for low values of A, in the downstream face at height ~285 m,
caused by vertical tensile stresses. When concrete failure under tension occurs, cracks would be
expected to open. However, the dam still presents enough global resistant capacity to redistribute the
resulting unbalanced stresses (convergent stress-transfer process). It should be mentioned that the
zone at the upper part of the dam where failure under tension arises corresponds to the actual existing

cracking phenomena in Cabril dam.

As the applied load increases and the compressive strength of the material is exceeded, compression
damage starts to occur due to significant arch compressions in a substantial volume at the upper part
of the dam body, with damage propagation towards the abutments and across the thickness; high

compressions also arise near dam base at the downstream face, causing compression damage that
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propagate towards the upper part of the dam. Therefore, the dam’s failure would be expected to happen
because of concrete crushing under compressions in a large section at the upper part of the dam body,
as well as near the insertion, laterally. In comparative terms, by observing the tension and compression
damage distributions near the collapse situation, it is obvious that when using the type Il constitute law
(i.e. more ductile concrete behaviour under compression) the dam has a greater capacity of
redistributing the arising unbalanced stresses due to material damage and hence to withstand a larger
volume of damaged zones, namely under compression). Therefore, the dam can support higher applied
loads. This behaviour until collapse shows the influence of softening under compressive stresses in the
non-linear response of the dam, namely by affecting the dam’s capacity to redistribute the unbalanced

stresses.

Finally, the non-linear response of Cabril dam predicted with DamDamage3D1.0 and the calculated
global safety factors correspond to the results obtained in the experimental failure tests and in previous
numerical studies carried out in LNEC [LNEC, 2003, 2010, 2014], thus proving to be a reliable program

for performing non-linear structural analysis of concrete arch dams.
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Concrete strength decrease scenario. Non-linear response for Ax(SW+HP132)

Type | constitutive law: A=As =7.4
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Figure 5.8 - Non-linear response: type | constitutive law (As = 7.4): evolution of the radial displacements (central
cantilever) and displacement field at the end of the stress-transfer process
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Concrete strength decrease scenario for AX(SW+HP132). Non-linear response

Type | constitutive law: A=As =7.4

Tension damage: upstream and downstream faces

Figure 5.9 — Non-linear response: type | constitutive law (As = 7.4): tension damage distributions
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Concrete strength decrease scenario for Ax(SW+HP132). Non-linear response

Type | constitutive law: A=As =7.4

Compression damage: upstream and downstream faces

Figure 5.10 — Non-linear response: type | constitutive law (As = 7.4): compression damage distributions
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Concrete strength decrease scenario. Non-linear response for Ax(SW+HP132)

Type Il constitutive law: A =As = 8.1
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Figure 5.11 — Non-linear response: type Il constitutive law (As = 8.1): evolution of the radial displacements (central
cantilever) and displacement field at the end of the stress-transfer process
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Concrete strength decrease scenario for AX(SW+HP132). Non-linear response

Type Il constitutive law: A =As = 8.1

Tension damage: upstream and downstream faces

Figure 5.12 - Non-linear response: type Il constitutive law (As = 8.1): tension damage distributions
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Concrete strength decrease scenario for Ax(SW+HP132). Non-linear response

Type Il constitutive law: A =As = 8.1

Compression damage: upstream and downstream faces
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Figure 5.13 — Non-linear response: type Il constitutive law (As = 8.1): compression damage distributions
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6/ Conclusions

The structural safety verification of large arch dams is a major issue in the field of Dam Engineering, in
order to prevent incidents and accidents for the new large dams and for some of the older dams built
several decades ago, in which deterioration problems (e.g. creep or internal swelling reactions) may
have evolved over the years. This is particularly important considering that dams are civil engineering

structures of great relevance for populations with a high potential risk.

In this scope, it is of the utmost importance to study the main failure scenarios, including the concrete
strength decrease scenario to assess the structural safety of dam for the main operation static load
combination. This scenario has been studied in LNEC over the last decades by conducting failure tests
on physical models and based on 3ADFEM numerical analyses, aiming to establish global safety factors
that indicate the maximum material strength decrease that can occur without causing the dams’
collapse. Also, the calculation of the safety factors enabled researchers to compare the performance of

several dams with different shapes and characteristics for the referred failure scenario.

The numerical simulation of the non-linear analysis of arch dams was, and still is, a challenging subject,

thus making it essential to seek the development of increasingly realistic models and efficient programs.

In this framework, DamDamage3D1.0, a 3DFE based program for non-linear static analysis of arch
dams was presented in this report. The theoretical bases that support the developed code were
addressed in detail and the program’s algorithm were shown. The non-linear calculations are carried
out using the stress-transfer method, based on the redistribution of unbalanced forces. The non-linear
behaviour of concrete up to failure is simulated using a constitutive damage law of two independent

damage variables: d* for damage under tension and d- for damage under compression.

The developed program was tested and calibrated for the simple case of a 3D frame structure with three
columns, under tensile and compressive forces. According to the material properties of structural
elements, the concrete failure was expected to occur only at the central column without causing the
global collapse of the structure. The expected non-linear behaviour was properly simulated with this test

and thus the developed program was able to simulate the damage evolution phenomenon.

DambDamage3D1.0 was used to carry out a safety verification study of Cabril arch dam (132 m high) for
the concrete strength decrease scenario, considering the material deterioration under tension and
compression. This scenario was simulated by performing multiple non-linear simulations with gradual
load amplification factors until a collapse situation was achieved (divergent stress-transfer process),
enabling to determine the global safety factor As as the maximum admissible factor applied to the static
load combination Ax(SW+HP132). This study was conducted using two constitutive damage laws to

assess the influence of the compression softening phenomenon in the overall resistant capacity of the
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dam: the type | constitutive law, to simulate a more fragile concrete failure, and the type Il constitutive

law, with a superior ultimate strain to model a more “ductile” behaviour of concrete up to failure.

For Cabril dam, considering a tensile strength f” =3 MPa and a compressive strengthf, = -30 MPa,
global safety factor As = 7.4 was determined using the Type | constitutive law and As = 8.1 using the

Type Il constitutive law.

Based on the numerical results presented in this report, one can note that concrete failure under tension
would occur first, along the base of the dam and at the upper part at the height of the minimum width
(around 280 to 290 m, a zone that corresponds to the actual horizontal cracking phenomena existing in
Cabril dam). Subsequently, for higher load multiplying factors (equivalent to greater reduction in material
strength) the concrete’s compressive strength would be exceeded and the dam'’s collapse would occur
because of concrete crushing under significant compressions in a large section at the upper part of the

dam, as well as near the base, laterally.

Concerning the dam’s non-linear response using two different constitutive laws, the progression of the
concrete deterioration throughout the dam body is similar, under both tension and compression.
However, by analysing the damage distributions near the collapse situation, one can note that the dam
has a greater capacity of redistributing the arising unbalanced stresses due to material deterioration and
hence to withstand a larger volume of damaged zones, namely under compression, when using the
Type Il constitutive law. Therefore, it can be concluded that the dam would present a higher global

resistant capacity and can support higher applied loads before collapse.

Finally, one should highlight that the predicted non-linear response of Cabril dam for the concrete
strength decrease scenario (including the tension and compression damage distribution) and the
corresponding global safety factors with DamDamage3D1.0 agrees with the results obtained both in
experimental failure tests and in previous numerical studies [LNEC, 2003, 2010, 2014]. Therefore, one
can say that the developed program can accurately simulate the non-linear behaviour of arch dams,
considering the concrete deterioration under tension and compression. As intend, this work enabled to
demonstrate the potential of DamDamage3D1.0 to perform non-linear calculations for large concrete
arch dams, making it a useful tool to be used in the future in LNEC to verify their structural safety for the

concrete strength decrease scenario.

Regarding the computational performance of the non-linear calculations carried out with the program
DambDamage3D1.0. Using the fine Cabril dam mesh (4904 nodal points and 909 FE) global equilibrium
is achieved (convergent stress-transfer process) in around 2 hours and 40 minutes, for about 400 stress-

transfer iterations, using a computer with a 3.8 GHz processing capacity.
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