Master of Science thesis

= | ey - —_—
e
- &z
=

A e T rem— F

DESIGN OF DOUBLE-CURVATURE ARCH DAMS IN TERMS
OF GEOMETRIC AND STRESS CONSTRAINTS BY USING »
SCRIPT-BASED FINITE ELEMENT MODELLING '

TU Delft &y

Chllihn_ga the future




TNO DIANA B.V. - DELFT UNIVERSITY OF TECHNOLOGY

Master Project:

DESIGN OF DOUBLE-CURVATURE ARCH DAMS IN TERMS
OF GEOMETRIC AND STRESS CONSTRAINTS BY USING
SCRIPT-BASED FINITE ELEMENT MODELLING

Student:
Evangelos Goulas (4421442)

Assessment Committee:

prof. Dr. ir. J.G. Rots, CEG Structural Mechanics section, TU Delft

prof. Dr. ir. M.A.N. Hendriks, CEG Structural Mechanics section, TU Delft

Dr. ir. G. Schreppers, TNO DIANA BV

Dr. R.M. Gunn, Swiss Federal Office of Energy

ir. A. van der Toorn, CEG Hydraulic Structures and Flood Risk section, TU Delft

May 2016, Delft



DESIGN OF DOUBLE-CURVATUREARCH DAMS IN TERMS OF GEOMETRIC AND STRESS CONSTRAINTS BY USING SCRIPT-BASED
FINITE ELEMENT MODELLING




DESIGN OF DOUBLE-CURVATUREARCH DAMS IN TERMS OF GEOMETRIC AND STRESS CONSTRAINTS BY USING SCRIPT-BASED
FINITE ELEMENT MODELLING

Copyright © 2016 TNO DIANA BV
Copyright © 2016 Delft University of Technology

This documentis property of TNO DIANA and Evangelos Goulas and contains confidential information. It
may notbe usedforany other purpose than for whichissupplied. This document may not be wholly or
partly disclosed, copied, duplicated or in any way made use of without prior written approval of TNO
DIANA or Evangelos Goulas. All rights are reserved.



DESIGN OF DOUBLE-CURVATUREARCH DAMS IN TERMS OF GEOMETRIC AND STRESS CONSTRAINTS BY USING SCRIPT-BASED
FINITE ELEMENT MODELLING




DESIGN OF DOUBLE-CURVATUREARCH DAMS IN TERMS OF GEOMETRIC AND STRESS CONSTRAINTS BY USING SCRIPT-BASED
FINITE ELEMENT MODELLING

Acknowledgements
The following report is not the outcome of an individual person but of many people who cooperated
and struggled together to find the best solution for each problem.

For thisreason, | would first like to thank Dr. ir. G. Schreppers for giving me the unique opportunity to
do myinternship and my master projectat TNO DIANA BV. He was always willing to help me when | ran
into a problem, no matter how busy he was.

| would also like to thank prof. Dr. ir. M.A.N. Hendriks who believed in me from the beginning, his help
was more than vital. Furthermore, | want to thank prof. Dr. ir. J.G. Rots and and ir. A van der Toorn for
being critical during our meetings, their remarks and recommendations were very useful.

Moreover, | would like tothank Dr. R.M. Gunn, an excellent dam specialist, who shared his experience
and devoted time and effortin reviewing my work. Without his help | could not develop such a realistic
code.

| want to express my very profound gratitude to all my colleagues at TNO DIANA BV and especially to
JonnaManie, Wijtze PieterKikstraand Anne van de Graaf fortheirvaluable help and theircommentson
my problems.

Finally, | would like to thank my parents deeply for providing me with unfailing and continuous
encouragement throughout my years of study.

Author,

Evangelos V. Goulas



DESIGN OF DOUBLE-CURVATUREARCH DAMS IN TERMS OF GEOMETRIC AND STRESS CONSTRAINTS BY USING SCRIPT-BASED
FINITE ELEMENT MODELLING




DESIGN OF DOUBLE-CURVATUREARCH DAMS IN TERMS OF GEOMETRIC AND STRESS CONSTRAINTS BY USING SCRIPT-BASED
FINITE ELEMENT MODELLING

Abstract

An arch dam is a curved surface structure that is designed to resist water pressureat the convex side. An
arch dam is usually constructed in a narrow V-shape valley with strong rock foundations. Through the
arched shape the water pressure is distributed from the upstream face of the dam to the abutment
edges of the dam which are embedded in the rock-foundation. An arch dam is designed to be under
compressive stresses when it is submitted to the dominant dead-weight and hydrostatic loadings. In
comparison with other dam-types, such as an embankment dam, an arch dam is considerably thinner
and requires less construction material, which can make this type of dam the most economical. Due to
the thinshell structure, an arch dam cannot resist concentrated loadings resulting from strong variations
of strength of the foundations or impact from e.g. falling rocks. Hence, a proper assessment of design
conditions is essential and this also applies for other dam-types.

To designanarch daman initial dam layoutis used, usually obtained from empirical methods, and it is
reshaped until the essential constraints are satisfied within the design objectives. The application of
finite elementanalysis during this iterative process is elaborative and therefore often postponed to the
stage of design when the basic design parameters such as location, height and orientation of the dam
have been defined.

The aim of this master project is to develop a procedure that allows to define in an automatic way the
generation of a finite element model of double-curved arch dams. In this way, the model can be
efficiently used from the beginning of the design process taking into account the dam and excavation
volume, the stresses and deformations in the dam body and the foundation for a variation of loading
conditions for different basic design parameters of the dam.

In this thesis guidelines applied in practice are the reference forthe design of the shape of the dam. The
general workflow consists of a preliminary and a final design stage. Through the first stage the best
location of the dam and height must be defined such that geometric constraints as defined in the
guidelines are satisfied. For this purpose, different potential locations for the dam are chosen by the
designer. Foreach location an assessment must be made, considering many factors, such as state of the
foundation, environmental and social conditions and also costs, which are predominantly defined by the
volume of rock excavation and volume of the dam-body. When this information is collected for the
chosen locations the best alternative can be defined. In the second stage, the dam of the best
alternative is reshaped by modifying the entire geometry of the dam until stress constraints are
satisfied. An important condition is to check and minimize the effect of design-changes on the costs
under the condition that the shape of the dam remains smooth.

This master project was done at TNO DIANA BV, this company develops the DIANA Finite Element
software that is used by dam-engineering consultants and dam-owners to design new and assess
existing dams. Based on Python scripting a procedure is defined for automatic generation of a finite
element model of double-curved arch dam with rock foundation. The script starts with a topological
surface. Fromthe basic design parameters (location, orientation, height) a preliminary shape of the dam
with abutmentsis defined following the US Army corps guidelines. With this model, the design engineer
can perform efficiently different analyses, such as calculation of volume of dam-body and excavated
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rock, but also predict deformations and stresses and eigen-modes more accurately in the preliminary
design stage. Inthe subsequentfinal design phase the same modelcan be optimized by including joints
between different columnsinthe dam and define thickening at the edges of the dam to reduce stresses
in the abutments. In the final design phase all kind of loadings and analysis types can be considered,
such as thermal loadings during young-hardening phase of concrete or damage development during
earthquake loadings.

In thisthesis first general information regarding double-curvature arch damsis given and theirgeometry
isdividedinto four main parts from which the dam geometry is derived. Then the general workflow is
introduced which describes the entire design process and is based on empirical methods used in
practice. Each step in the geometry definition leads to mathematical expressions, which can be
translated into Python commands. The entire processisinserted into the Finite Element software DIANA
as a script and the dam is analyzed. The developed scriptis applied on a topographic surface which is
based on real data. Three different locations are used and the most economical one is assessed. This
design was reshaped based on the designer’s judgement. Finally, the analysis results are used to
investigatethe dependency of the theoretical with numerical volume and how basic design parameters
influence the stresses and deformations of the structure.

The conclusion of the thesis is that the developed procedure can sufficiently describe the design of
double-curvature arch dams using any location, whereas the modelling effortis drastically reduced. It is
recommended that further research is needed to further improve the code towards needs from dam-
engineersin practice. Whenthe developed procedure will be more integrated in the DIANA software it
can be a very efficient tool to help dam-engineers around the world to make use of advanced finite
element analysis already in the early preliminary design stage of curved arched dams.

vii
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Glossary
The following definitions are organized based on the order found in the following sections and not on
alphabetical order.

Arch dam: An arch dam is a concrete or masonry dam that is curved in plan view so as to transmit
the major part of the water load to the abutments [4].

Single-curvature arch dam: A single curvature arch dam is an arch dam that is curved in plan

(horizontally) only.

Double-curvature arch dam: A double curvature arch dam is an arch dam that is curved in plan

(horizontally) and in elevation (vertically), with undercutting of the heel and has a downstream
overhang near the crest [4].

Upstream face: The curved surface of the dam which isin connection with the water.

Downstream face: The curved surface of the dam which is not in connection with the water.

Topographical data: Both the surface areasurroundingthe dam and the interval of contour lines (10 m,
15 m, 20 m etc.).

Crown cantilever section: The crown cantilever section is a vertical upstream to downstream

section through an arch dam at the maximum height. This is generally also along the reference
plane [4].

Upstream contact line: The line that passes through the base crown cantilever point, the start point

and the end point of the upstream crest elevation parabola.

Main parabolas: The sets of parabolic functions that describe the geometry of the main faces of the
dam.

Side parabolas: The sets of parabolic functions that describe the abutment thickening to the
downstream face of the dam for each side.

Foundation area: The dam-rock interface geometry which consists of the endpoints of the
upstream and downstream face.

Abutment: An abutment is that part of the valley wall against which the dam is constructed and the
part of a dam that contacts the riverbank [4].

Reference cylinder: The reference cylinder is the upstream crest elevation parabola and it is very

important as it controls the general shape of the dam [2].

viii
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Reference plane: The reference plane is an imaginary upstream to downstream vertical section

through the crown cantilever of a concrete dam and line of centers. The orientation of the dam can
be defined by positioning the top of the line of centers by State Plane coordinates and the bearing
of the reference plane from this point. The geometry of the upstream face, downstream face, and
lines of centers are along the reference plane [4].

Dam axis: The axis of the dam is a vertical cylindrical reference plane along the upstream side of the
dam crest [4].

Crest: The crest is the top surface of the main body of the dam (excluding parapet walls) or the high
point of a spillway. A roadway may be constructed across the crest to permit vehicular traffic or
facilitate operation, maintenance, and examination of the dam [4].

Line of (main) centers: The line of centers defines the geometry of the centers of radii of the

upstream and downstream faces of an arch dam along the reference plane [4].
Tailwater: Refers to waters located immediately downstream from a hydraulic structure [9].

Developed cylinder: A cylinder used to create the developed profile view. The dimensions of the
developed cylinder must be close to the largest parabola of the dam, which is the upstream crest
elevation parabola (reference cylinder). For this reason, the developed cylinder is calculated using the
focus point and the symmetry point of the reference cylinder.

Developed profile view: The view of the upstream/downstream face of the dam (looking downstream)

with the foundation topography shown, which uses a cylindrical coordinate system projecting the end
points of the face and the respective topographic points. Note that a developed view is not the
projection of the upstream face onto a flat plane.

Contraction joints: The joints between the dam cantilevers are referred to contraction joints and must
be grouted to form the monolith structure. Contraction joints are not planar, but rather warped or
helical in shape. Their definition is critical in the design and analysis process [2].

Bezier: A special case of NURB, in which the knot set takes a predefined form. In this case the B-spline
basis functions are the Bernstein polynomials of the given order. [8]

Bezier surface: A surface P(u, v) where u and v vary orthogonally from 0 to 1, from one edge of the
surface to the other, is defined by aset of (n+1)*(m+1) “control points” (X(i, j), Y(i,j), Z(i, j)) fori =0ton,
j=0tom[9].

Transition (Tangent) points: The contact points of the main downstream parabolas and the side
parabolas. The tangent of both parabolas in this point must be equal, so a smooth transition from the

one geometry tothe otheris achieved. Inthis way a dam profile is generated which is smooth and free
of geometric points of stress singularities [2]. Each transition point must be between the boundaries of
the respective main downstream parabola, or else it cannot be accepted as a valid point.
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Line of side centers: The line of side centers defines the geometry of the centers of radii of side

parabolas. Each side center must be on the line that connects the transition point with the
respective main downstream center point.

Interface elements: Elements that facilitate discontinuities of a model in the displacement field.

Structural plane interface elements: The structural interface elements describe the interface behavior
in terms of a relation between the normal and shear tractions and the normal and shear relative
displacements across the interface. Plane interface elements are placed between faces of three-
dimensional elements. With these elements the interface surface and directions are also evaluated

automatically from the geometry of the element itself [7].
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1. Introduction

1.1. Problem definition

Double-curvature arch dams are concrete structures that are curved in plan (horizontally) and in
elevation (vertically) [Figure 1]. They are very important structures due to their high cost, purpose and
catastrophicimpactin case of failure.

Their design is a very complex and sensitive process, as it aims to find the most efficient solution in
terms of cost and stress level, taking into account many constraints atthe same time. As a resultthere is
no software that can provide a fully automated process.

1.2. Research objectives
The main research questionisformed in combination with the company, the assessment committee and

the author:

“Investigate the potential to develop a fully automated process that can design a double-curvature arch
dam based on a given topography.”

Having this process developed and fully functional, special attention is given in the following aspects:

“How accurate isthe empirical formula which computes the concrete volume of the dam compared to
the numerical volume.”

“How the orientation of the dam axis influences the dam volume.”
“How the initial excavation length influences the dam volume.”
“How the shape of the foundation area influences the dam volume and the stress level.”

1.3. Research approach

First, a literature study is essential to expand the knowledge on arch dam design, analyzing in depth the
main research question. A validated method must be followed which can provide all the essential design
rules.

As a result, the Engineer Manual 1110-2-2201 of the U.S Army of Engineers [1] is used as a guideline
which provides general information for the construction and design of double-curvature arch dams.
However, there are many assumptions that have been made and differences between this method and
the author’s method and they are shown in the following section.

Afterwards, a script is developed using the programming language Python as it is compatible with the
Finite Element Software “Diana Interactive Environment” (DianalE) so all the essential design rules can
be translated into automatic processes.

Finally, the script is tested to generate the best-fitting double-curvature arch dam for a topography
obtained from real data.
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1.4. Basicassumptions
The majority of the assumptions were discussed with the full assessment committee and they were
tested during the development of the code.

In the Engineer Manual [1] sets of circular equations are used to describe the dam geometry. However,
in the context of this master project sets of parabolic equations are used, as industry is familiar with
parabolicand elliptical definitions. Furthermore, using parabolic equations the abutment thickening is
described much more efficiently than using circular arches.

The Engineer Manual [1] mentions that, the designer must consider a reasonable amount of
overburden, based on core borings orsound judge ment, but there are no specificguidelines. A variable
is proposed, which describes the initial excavation lengthin the lateral direction and it is uniform along
the height. In this way, a realistic user-defined excavated foundation can be generated.

The Engineer Manual [1] does not take into account the excavation volume that is essential to create a
good-shaped foundation area, while the proposed method takes this parameter into account.

A realisticarch dam must have a base length which is very important for the stress constraints as well.
This parameteris not takeninto account inthe Engineer Manual [1], while the proposed process defines
the best fitting base length based on the surrounding topography.

There are noguidelines to definethe dam base elevation in the Engineer Manual [1] and as a result the
dam base is always placed 8 meters below the lowest contour in riverbed, based on the document [5].

The contraction joints are very important for the dam design in the pre and post-processing as they
divide the dam into cantilevers and they simulate the construction stage in practice. In the Engineer
Manual [1] there is no relevant information and the document [2] is used to define their geometry.

For simplification purposes, the hydrostaticpressure is applied only on the dam and more specifically on
the upstream face, while it is neglected from the upstream topography.

The density of the rock is assumed to be zero. Stresses due to the rock self-weight are not of high
importance.

The temperature load on the arch dam is neglected.
Tailwater conditions are not taken into account, as their contribution is negligible [3].

Interface elements are taken into account between the dam cantilevers and between the dam
cantileversandrock. Thereis no relevantinformationinthe Engineer Manual [1] and the whole method
is proposed in one of the Section 5.2
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1.5. Chapter description

Thisreportis setas follows. Chapter 2 gives general information fordams and introduces the main parts
of a double-curvature arch dam. Then in Chapter 3, the general workflow of the process to design the
best fitting dam based on the given topography is shown. Chapter 4 presents the preliminary design
stage where the bestalternative in terms of geometric constraints is chosen. Chapter 5 shows how the
best alternative can be reshaped so the stress constraints can be satisfied as well.

Chapter 6 containsthe application of the entire process generating a dam based on real topographical
data. In Chapter 7 the research questions are discussed using the results from the example. Chapters 8
and 9 present the conclusions and the recommendations.
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2. Background on arch dams
In this chapter the main function, the different categories, the constraints and the objectives of dams
are explained. Afterwards, the main geometric parts of double-curvature arch dams are described.

2.1. General information

Dams are solid barriers that are usually constructed across a stream channel to store water which can be
used forseveral reasons like watersupply, irrigation or energy generation. There are many categories of
dams and they can be classified as follows.

The following construction materials can be used to build a dam.

e Masonry, mainly consists of stone and brick.

e Concrete, the most commonly used material.

e Steel, rarely used as it is uneconomical.

e Timber, rarely used due to its relatively short lifespan.
e Earth, like gravel, sand, silt, clay etc.

e Tailings, waste or refuse obtained from mines

There are five main categories based on the structural behavior.

e Gravity dam, is constructed from concrete or stone masonry and designed to hold back water by
primarily utilizing the weight of the material alonetoresist the horizontal pressure of water pushing
againstit. Gravity damsare designed so that each section of the dam is stable, independent of any
other dam section [9].

e Arch dam, is a solid dam made of concrete thatis curved in plan (single-curvature) orin plan and
elevation (double-curvature). An arch dam takes advantage of the surrounding topographic area
usingits shape for stability. So the force of the water, the hydrostatic pressure, is redirected into the
canyon walls by compressing and strengthening the entire structure. An arch dam is most suitable
for narrow gorges or canyons with steep walls of stable rock to support the structure and stresses.
Since they are thinner than any other dam type, they require much less construction material,
making them economical and practical in remote areas [9].

e Arch-gravitydam, is a dam with both the characteristics of an arch dam and a gravity dam. It bends
upstream in a narrowing curve that directs most of the water against the canyon rock walls,
providing the force to compress the dam [9].

e Buttress dam, is a dam with a solid water-tight upstream side that is supported at intervals on the
downstream side by a series of buttresses or supports. The dam wall may be straight or curved.
Most buttress dams are made of reinforced concrete and are heavy, pushing the dam into the
ground. Water pushes againstthe dam, butthe buttresses are inflexible and prevent the dam from
falling over [9].

e Embankmentdam,istypically created by the placement and compaction of a complex semi-plastic
mound of various compositions of soil, sand, clay and/or rock. It has a semi-pervious waterproof
natural coveringforits surface and a dense, impervious core. This makes such a dam impervious to

surface or seepage erosion. Such adam is composed of fragmented independent material particles.
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The friction and interaction of particles binds the particles togetherinto astable mass rather than by
the use of a cementing substance [9].

In the context of this master project, only arch dams are investigated because they are the most
economical aslongas the canyon characteristics are appropriate. Arch dams are classified with respect
to the shape of the arches and the highest cross-section which is commonly located in the riverbed.
Single-curvature arch dams are only curvedin plan (horizontally), while double-curvature arch dams are
curved in plan (horizontally) and in elevation (vertically) [Figure 1].

UPSTREAM
FACE

uyi’a

h— DOWNSTREAM
FACE

SINGLE DOUBLE
CURVATURE CURVATURE

PLAN SECTIONA-A
CROWN CANTILEVER

Figure 1: Single- and double-curvature arch dam [1].

The main goal is to design an arch dam that carries static and dynamic loads into the abutments and
foundation as efficiently and effectively as possible, while at the same time the least essential concrete
volume is used to optimize the concrete strength [4]. This canresult in a much more economical dam in
terms of concrete and excavation volume but at the same time the modelling effort is significantly
increased.

Hence, the design of arch dams is a very complex and sensitive process. It starts with an initial dam
layout, usually obtained from empirical methods, and it is reshaped until the geometric and stress
constraints are satisfied within the design objectives.

Note that, possible concrete cracks are only avoided by reshaping the affected areas of the dam and
reducingthe respectivetensile stresses. Reinforcement in arch dams is usually avoided due to the high
cost.

The geometric constraints are guidelines which should be followed so a valid dam shape can be
obtained [3]. They are thoroughly described in Chapter 4 and the most important ones are.

e The base thickness must be greater than the crest thickness.
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e The radius at the crest must be greater than the radius at the base.

e Ateveryelevation, the angle between the arches and the rock contour lines must be greater than
30° to avoid shear stress concentrations around the rock surface.

e Theshape of the dam must be as smooth as possible. No sharp corner points are allowed which may
resultin local anomalies and consequently to stress concertation areas.

e No gaps are allowed between the arch dam and the surrounding topography.

The stress constraintsindicate the allowable stress level in tension and compression for a combination
of static loads, like gravity, shrinkage or water, and dynamic loads, like seismic [3].

e The principal tensile stresses should be avoided, but this is almost impossible. It is generally
accepted that are smaller than 1 MPa.

e The principal compressivestresses must be smallerthanthe chosen concrete strength class divided
by a factor of safety.

The design objectives referto the economic point of view of the structure. As a result, the least possible
concrete and excavation volumes must be chosen while at the same time the design constraints are
satisfied. This combination is mostly based on the designer’s judgement and experience.

In the context of this master project, only double-curvature arch dams are investigated. The reason is
that, their shape is much more flexible compared to single-curvature arch dams resulting in an even
more economical design. However, the complexity of the design is significantly increased as more
constraints must be taken into account.
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2.2. Parabolic equation

In this section, the modified equation of a parabola(2.1) is introduced which is the basis to describe the
entire geometry of a double-curvature arch dam. This equation is obtained from the document [2]
where areal double-curvature arch dam is analyzed.

The geometry of double-curvature arch dams is described by several sets of equations which are most
commonly based on circular or parabolic formulas. The main difference between the two formulas is
that, circularformulas cannot describe the abutmentthickening as efficiently as parabolicformulas. As a
result, more concrete volume isused when circularformulas are applied resulting in a more expensive
structure.

Furthermore, industry regarding dam design is familiar with parabolic and elliptical definitions.
Therefore, the modified parabolicformula(2.1) will be used to describe the different sets of equations
as it isnecessary to combine engineering with theoretical considerations. Further research is essential
for this part and it is out of the context of this report.

Higher order formulas may be used as well, but there are several issues that have to be taken into
account. The computational effortand the complexity of the geometry are significantly increased. The
symmetry, around a reference line, is not always preserved and this is one of the essential
characteristics of arch dams for uniform shape. Local anomalies in the dam geometry, like dimples or
wiggles, are more possible to occur resulting in stress concertation areas. More constraints have to be
taken into account making the entire design process even more sensitive.

In Figure 2 a representative parabolais given showing the respective equation, the symmetry line, the
focus point, the symmetry point and the radius. It is mentioned that, the focus pointis called also the
center of the parabola and this term will be used in the following chapters.

y [m]
A

mmetry point
‘ (Xsym’ysym)
|

» X [m]

Figure 2: The equation of the parabola, the focus point and the symmetry point (plan view).
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2
X=X 2
f(x):MJr Yoym :ixz_xs_ymx_'_(xsym +ysym]:ax2+bx+c (2.2)

2p 2p p 2p
1 X ;

Where, a=——,b=—-—=,¢c=_=+y_ are the constants of the parabola.
2p p 2p

(Xsym,ysym)is the symmetry point of the parabola [Figure 2].

(Xsym,yfoc)is the focus point of the parabola [Figure 2].

pis the distance between the symmetry and the focus point [Figure 2].

The main advantage of the latter equation is that a parabola can be described only by two control
points, the focus and the symmetry point, and this is very convenient during the dam design as it uses

the minimum number of control points.
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2.3. Main parts of a double-curvature arch dam geometry

A double-curvature arch dam consists of four main parts which describe the geometry of the two faces,
the abutmentthickeningand the dam-rockinterface geometry. Knowing these parts a dam can be fully
defined and reshaped.

2.3.1. Crown cantilever section

The crown cantileveris defined as the maximum height vertical cross-section of the dam andit isusually
located in the streambed. It is the center of the dam controlling its entire shape. For this reason, it
significantly influences the distribution and the magnitude of stresses within the body [1].

The upstream and the downstream line of the crown cantilever section contain the symmetry points of
the parabolas which describe the main upstream and downstream dam face respectively. Knowing the
equationsthatdescribe thesetwo linesthe symmetry points at every elevation can be computed [Figure
3].

The equations can be obtained from empirical methods which are thoroughly described in Section 4.6.

z[m] Crown
A Cantilever
Zcresl__ Section
Upstream line
n
Yip= i_Zuaﬁf,:iZ‘ Downstream line
- n
cc i
ydown: an%f)wn:i ZI
Thickness
— s CC cc
T= Yiown yup
0 y [m]
[ \ >
Zbase__

Figure 3: Crown cantilever section (side view) [2].
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2.3.2. Main parabolas

There are two sets of main parabolas which define the upstream and downstream face of the dam. The
two faces are fully described when the equations of the crown cantilever section and the line of centers
are known [Figure 4]. The latter equations are thoroughly described in Sections 4.6 and 4.7 respectively.

Note that, both faces use the same line of centers. In this way, the thickness changes for the y-z (side)
section, following the shape of the crown cantilever, while at every elevation in the x-y (plan) section it
remains constant.

This is more apparent in the following two figures. Figure 4 shows the y-z (side) section of the crown
cantilever, where the thickness changes alongthe dam height. Figure 5shows the x-y (plan) section and
the respective main parabolas at a random elevation i. Both parabolas use the same center point i, so
the thickness remains constant for the entire section. This would not be the case if different centers

were used.
z[m] Crown
A Cantilever Line of
Eort, Section Centers
/7 Za'c '
} L p1
Upstream line (‘ P;
yup = I_Zaup |Z
Downstream line Centeri
ydown izadowm Z
Thlckness
T= ydown
0 >y [m]
Zhaseﬁf /

Figure 4: Upstream and downstream symmetry lines and the line of centers (side view) [2].
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Figure 5: Upstream and the downstream main parabolas at elevation i (plan view) [2].

2.3.3. Side parabolas

In case where abutmentthickeningis required, two more sets of parabolas, one for each side, are used
inthe downstreamface namedside parabolas. Side parabolas are dependent on the main downstream
parabolas and they define the needed abutment thickening.

The main objective is to define a side parabola which is tangent to the respective main downstream
parabola at every elevation. So a uniform increase in abutment thickening over the entire dam is
achieved. Figure 6 shows the basicconcept of the side parabolas, where T and Ty are the tangent points
and C, and Ci are the side center points for the left and right bank.

A tangent pointisthe common point of the side parabola with the downstream main parabola. For this
pointthe tangents of the latter parabolas must be equal so a smooth transition is achieved. In this way,
geometricanomalies, like dimples, are avoided which may result in stress singularities.

In Figure 7 the line of side centers and the line of tangent points are shown. These lines must remain
smooth along the dam height so the main objective is satisfied. If there are wiggles in these lines,
geometric anomalies may occur as well.

This part is thoroughly explained in Section 5.1.1 where all the essential tools are described and
visualized.
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Figure 6: Left and right bank side parabolas at elevation i (plan view) [2].
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Figure 7: Left figure, line of side centers. Right figure, line of tangent points [Side view] [2].
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2.3.4. Foundation area

The foundation area is the dam-rock interface geometry and it is defined by the end points of the
parabolas of the upstream and downstream face. This part is very important for the geometry of the
dam as it shows if there are gaps between the dam and the respective topography.

The geometry of the foundation areais very complex and special attention must be given to generate a
valid and smooth shape. This part is explained in Sections 4.8 and 4.9.

>
X

Figure 8: Foundation area (plan view) [2].
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3. General workflow of design stages

In this chapter the general workflow of the process to design a double-curvature arch dam is shown.
Every step is described in detail separately, pointing out all the essential assumptions. It will be
explained how each step can be translated into workflows and consequently into automated processes.

The following method is based on the Engineer Manual [1] as it describes a very realistic and efficient
way, which is used in practice. However, the described steps are done by hand using outdated
implements, like transparent papers, rulers or French curves, and for this reason they are translated into
mathematical processes so they can be described by automated processes in Python.

Duringthe preliminary design stage the best fittingdam is determined based on the least concrete and
excavation volume, which are the predominant factors. While, during the final design stage the best
alternative from the previous stage is reshaped till the desirable stress levels are reached.

The preliminary and final design stages are thoroughly described in Chapters 4 and 5 respectively.
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Figure 9: The general workflow.
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Figure 10: The workflow of the dam design.
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4. Preliminary design stage

First the best fitting dam along the valley must be found. For this reason, different dam sites must be
chosen, where the number of the dam sites is defined by the designer. Foreach site the bestfitting dam
must be generated based on two predominant factors; the dam concrete volume and the excavation
volume. Afterwards, the different dam sites are compared so that the best alternative can be found,
which will be used for the next stage, the final design.

It is also mentioned that the stress peaks for each location are not that important for the preliminary
design stage as stress singularities occuraround the common surfaces of the dam with the rock. During
this stage, the side parabolas are not taken into account as they are used to modify the stress peaks
during the next stage.

4.1. Potential dam sites

Firstly, the potential dam sites must be selected and the corresponding topographic maps must be
examined in conjunction with site visits. Emphasis should be placed on the site suitability, taking into
account the canyon profile and the foundation characteristics amongst other factors.

The height of the dam, geological features (rock types, faults, etc.) and the extent of the reservoir
(compressible orincompressible) in the upstream direction from the dam body (tailwater conditions are
normally neglected) willdefine the extent of the topographical data needed in the design and analysis
process. By “extent” of topographical data, this means both the surface area surrounding the dam and
the interval of contour lines (10 m, 15 m, 20 m etc.).

Allowing for some shifting on the dam axis along the reservoir axis, it is recommended to have
topographical maps extending three (3) to five (5) times the height of the dam in the upstream and
downstream directions of the dam and between two (2) and four (4) times the height of the dam
perpendicular to the dam axis measured from the left and right bank crest arch points [Figure 11].

(3~5)*H

R~&*H-L ~ AT TN = (2~4)*H

L2 %_ R % Nle N 7% W B0 S -

Figure 11: Recommended size of the topographical map (plan view).
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4.2. Original topography

The original topography (natural ground profile) isthe firstinput and consists of aset of polylines which
represent the unexcavated topographic map contour lines. The computational effort decreases
significantly using two-dimensional polylinesinstead of a three-dimensional surface defined as a cloud
of points.

To generate a realistic topographic data the following process is proposed. The topography of Deriner
Dam, a real dam constructed in Turkey, is used as an example to illustrate the process.

Through SketchUp 2015, http://www.sketchup.com/, a dxf file is extracted containing all the essential
information for the topography of the surface area. The process to obtain the dxf file is the following
[10].

e Launch SketchUp 2015

e Add location = Find the desired location - Select region - Grab

e Toggle terrain [ from 2D to 3D surface, Figure 12]

e File > Export - 3D Model - Export as dxf/dwg file

Figure 12: SketchUp 2015 — Deriner Dam — From 2D to 3D.

The dxf/dwg file exported from SketchUp 2015 is compatible with AutoCAD software.

Using AutoCAD, open the dxf/dwg file and put manually all the points that are essential for the
topography. The topographic points must be createdin a differentlayer. After drawing all the essential
points all the layers except for the points’ layer must be turned off. The drawing must be saved as
“Autocad R14/LT98/LT97 Drawing (*.dwg)” because Dxf2xyz, the next program which is used, is
compatible with AutoCAD versions up to 2002 [Figure 13].
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Figure 13: The dwg file obtained from SketchUp and the respective topographic points (3D view).

Using the freeware program Dxf2xyz 2.0, http://www.guthcad.com.au/freestuff.htm, select the
AutoCAD drawing and save it as topo_points.xyz. As a result, a text file is created containing all the
coordinates for the surface area. The first, second and third column contain the X, Y, Z coordinates
respectively [11].

4.3. Excavated topography

The excavated topography isthe second set of topographic contour lines that is required and describes
the topography of the sound rock foundation on which the dam structure shall be founded. At this stage
of the design only the surface topography is available and for this reason the designer must assume a
reasonable amount of overburden based on core borings or sound judgement.

For thisreason, an initial uniform excavation length at every elevation must be given by the designer. A
reasonable value for the excavation can be from 10 to 30 meters (good rock conditions with minor
weathering and a canyon profile ideally suited to an arch dam) in the lateral direction [Figure 14].

Using the Left Hand Side (LHS) crest elevation excavation polyline [Figure 14], the start and symmetry
point of the reference cylinder are chosen. At this stage the end pointis not used as it is calculated and
checked in Section 4.5 [Figure 16]. The reference cylinder represents the upstream crest elevation
parabola.
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Figure 14: Excavation polylines (plan view, river profile in blue based on non-flood or conditions).

4.4. Basicvariables

Havingthe excavated topography described by two-dimensional polylines the next step is to define the
basicvariables of the arch dam geometry. The present method is based on the Engineer Manual [1] and
therefore implicitly defines the dam shape typeinplanandinsection. Plan view dam geometries vary in
accordance with the canyon profile, geological conditions etc. and may be elliptical, circular, parabolic,
log-spiral or some other cylindrical form.

It should be mentioned that the U.S. Bureau of Reclamation (USBR) method does not strictly allow for
thickening of the arches unless the main parabola is translated downstream and defines the
downstream parabola. To overcome this problem, another method is proposed in the chapters that
follow.

Six basic variables are defined to describe the entire dam geometry and they must be defined by the
designer.

L Year [meters] isthe Left Hand Side (LHS) y-coordinate of the upstream crest elevation parabola and
it controls the location of the dam, its value must be inside the borders of the topographic surface.

2. H [meters] isthe height of the dam (from the lower point of the riverbed to the crest elevation),
defined from the hydrologic data [Figure 20].

3. Ze [metel’S] is the elevation of the dam base. If there is no information for the base elevation, it

should be about 8 meters below the riverbed [5].
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4, 0

ax

variable the entire dam is rotated respective to the riverbed [Figure 19].

is [degrees] is the angle of the dam axis and represents the orientation of the dam. Using this

5. Lucavation [meters] is the assumed initial uniform excavation length and it is defined from before, a
positive value is required [Section 4.3].

min

6. cavation [meters] is the minimum excavation length that is allowed for the dam, a positive values

is required [Section 4.9].

Having defined the lattervariables the following variables can be computed automatically through the
code.

. Ll[meters]is the straight line distance measured between abutments excavated to assumed
foundation rock at crest elevation [Figure 15]. This parameter is generated automatically.
. Lz[meters]is the straight line distance measured between abutments excavated to assumed

foundation rock at 0.15H above the base of the dam [Figure 15]. This parameter is generated
automatically.

o Vi [cubic meters] is the theoretical concrete volume and it is arrived at empirically by the

following equation obtained from the Engineer Manual [1]. This parameter is generated

automatically.

(H+0.8L,)’

V

theor

=0.0001772H%L, +0.0108HL, (H +1.1L,) (4.1)
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Figure 15: Definition of the values L; and L, (plan view) [1].
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4.5. Dam axis and reference cylinder

For design and build reasons, the geometric definition of the dam body is defined with reference to both
the dam axis and reference cylinder. The former defines the orientation of the dam body in plan with
respectto the river axis and the latter, is a simple single curvature geometric shape that encompasses
the dam body in plan and elevation.

The reference cylinderthen becomes the projection plane for dam body developed views which are not
only inherent within the modelling and post-processing concepts of DIANA, but also represent a
fundamental design “element” fordam engineers allowing the coherent evaluation of computed results
and the design layout, for example, of dam instrumentation.

Herein, the reference cylinder is the upstream crest elevation parabola and it is very important as it
controlsthe general shape of the dam. The equation of a parabolacan efficiently describe the geometry
of the dam and is favored because it readily allows the excavation depth to be increased due to
geological uncertainties (weak/weathered rock), without necessarily modifying the entire geometric
shape of the dam (as might be the case for an elliptically shaped structure).

For thisreason, two points must be given. The first one is already known from before and it is the start
point of the reference cylinder. The second one is the crown cantilever point of the reference cylinder
and itis generated automatically using the lowest contour line which represent the riverbed. This point
is the symmetry point of the parabola and it must be located above the streambed [Figure 16].

The optimal location for the dam crest must be defined by the following conditions [1].

e Theangleofincidence 2 ,whichisthe angle between the tangent of the reference cylinder and the

average contourline of the abutmentrock, at the crest elevation should be approximately equal for
both sides [Figure 17]. A tolerance ischosen tojudge if the angles are equal and theirdeviation is set
to 10 degrees or less.

. RAX|5 , whichis the radius of the reference cylinder, may require lengthening if the parabola fails to
. - . . R - 06*
make contact with the abutments and it is computed using the empirical formula Ry = Y. L1

[Figure 15].
e The largest practicable central angle must be between 100 and 120 degrees. If the central angle is

larger than the recommended values the radius RAX|5 must be increased [Figure 15].
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Figure 16: Layout of the dam axis, the reference cylinder and the central angle (plan view) [1].

The angle of incidence £ isveryimportantto determine the abutmentrock contourlines. Itis used asa
guideline during the preparation of the layout and the parabolas are arranged so that £ is larger than

30 degrees in the upper half [Figure 17] [1].

\‘/— AVERAGE ROCK CONTOUR

TANGENT

FOUNDATION ROCK CONTOURS

Figure 17: Angle B between thrust and rock contours (plan view) [1].

The average rock contour is computed using the method of least squares taking into account the
topographic points in a range of 75-100 meters around the abutment. This method is used to compute
the best fitting line for the chosen points [Figure 17].

The following workflow shows how the reference cylinder can be found following an iterative process.
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Figure 18: The workflow of the reference cylinder.
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4.6. Crown cantilever section
As previously mentioned, the crown cantilever section is defined as the maximum height vertical

cantilever and it is usually located in the streambed. At this stage the reference plane is detected
drawinga vertical line that passes through the crown cantilever point. The reference plane contains the

crown cantilever and the loci of the parabolic centers [Figure 19].
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Figure 19: Reference plane of the arch dam (plan view).

According to the Engineer Manual [1], the geometry of the crown cantilever is computed using the

empirical equations:
T, =0.01(H +1.2L,) [feet] (4.2)

Where, T. is the thickness at the crest elevation.

H Yo
T, =#{0.012HL,L, [M) [ feet] (4.3)

Where, TB is the thickness at the base elevation.

Tousy =0.95T, [ feet]  (4.4)
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Where, T s, is the thickness at 0.45H above the base.

The variables of the upperformulas are based on the imperial system and therefore they are modified
to the metric system.

T, =0.01(H +1.2L, )[meters] (4.5)

Where, TC is the thickness at the crest elevation.

H

TB =3 00012HL1L2 (m

1%
j [meters] (4.6)

Where, T is the thickness at the base elevation.
Toasy =0.95T; [meters] (4.7)

Where, T; sy, is the thickness at 0.45H above the base.

In addition, the upstream and downstream projections of the crown cantileverfaces atthese elevations
can alsobe arrived at empirically. Three points are known foreach face and a circle can be drawn which
passes through them [Figure 20].

USP.eer =0.0 (4.8)

USP, ., =0.67T, (4.9)

USP,,c =0.95T; (4.10)

DSPesr =T.  (4.11)

DSP, ., =0.0T, (4.12)

DSP,,.. =0.33T, (4.13)

Where, USP.c; is the upstream projection point at the crest elevation.
USP, ;5 is the upstream projection point at 0.45H above the base.
USP,,s is the upstream projection point at the base elevation.

DSP,zqr is the downstream projection point at the crest elevation.
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DSP, ;s is the downstream projection point at 0.45H above the base.

DSP, . is the downstream projection point at the base elevation.

AX1S OF Dam AX 1S OF Dam

a4
! CREST ELEVATION
40 -
1
1
i
1
1

0.95T, ,
] H

A Y —

1
1
| .
| 0.45H
1
1
1 BASE OF Dam

A )
|

T CROWN _

0-67T, 0.337, CANTILEVER

Figure 20: Projection points (left) and crown cantilever section (right) (side view) [2].

Parabolicequations are usedto describe the lines of the crown cantilever section as it is assumed that
they are more efficient. Knowing these equations the upstream and downstream projections can be
computed at every elevation and this is very useful for the next steps.

CcC CcC.2 CcC cC
Yo (X)=ay 2’ +b"z+c;  (4.14)
Where, yucpC (X) is the equation for the upstream line of the crown cantilever.

cC cC 2 cC cC
Yaoun (X) = 8gomnZ” +DiunZ + o (4.15)

down
Where, ydco(\im (X) is the equation for the downstream line of the crown cantilever.

4.7. Layoutofthe arches
The horizontal upstream and downstream parabolas must be defined. Starting from the upstream face
the contact line at the dam-foundation interface is computed.

The points A, B and C are used to compute the equation of the contact line for the upstream face. The
firsttwo points are the corner points of the upstream crest elevation parabola, while the last one is the
respective projection of the crown cantilever at the base. The contact line is required to compute the
corner points of the lower parabolas [Figure 21].
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VA 3
UPSTREAM POINT L
X 3

Figure 21: Upstream contact line (plan view) [1].

According to the Engineer Manual [1], the dam is divided into 5to 10 evenly spaced horizontal arches
and their respective parabolas are computed. They should be spaced not less than 3.048 meters (10
feet) normore than 30.48 meters (100 feet) apart. The lowest parabola should be 0.15H to 0.20H above
the base.

Having defined the equations of the upstream parabolas their center points are known as well. The
center points can be used to calculate the equation of the line of centers. The order of the equation is
dependent on the number of the divisions of the dam, for example if 5 evenly spaced arches are used
then the order of the line of centers is 4. So, the set of the main upstream parabolas is defined.

Afterwards, using the respective downstream projections and the line of centers, the set of the main
downstream parabolas can be found.

To compute the parabolas at the lower arches the following process is used.

First, the upstream projectioninthe crown cantilever sectionis calculated, using the equations obtained
from the crown cantilever section, which is a point of the lower parabola. Then, the intersections
between the respective topographicpolylines and the contact line are found which give the end points
of the parabola. It is mentioned that, the end points can terminate slightly deeper than the arch
elevation, but there are no specific guidelines. [Figure 22]

34



DESIGN OF DOUBLE-CURVATUREARCH DAMS IN TERMS OF GEOMETRIC AND STRESS CONSTRAINTS BY USING SCRIPT-BASED
FINITE ELEMENT MODELLING

LHS original contour

LHS riverbed
polyline i (hlack

original contour
polyline (bluk)

RHS riverbed
original contour
olyline (blue)

RHS original contour
polyline i (black)

O 1 .-}
) \ upstream damjaxis /
LHS E.xcalvatl.lon contact line — fd—IS Excavation
polyline i (red) P
/

-

/polyline i (red)
/
R
start point i

parabolai

reference

Figure 22: Start, end and upstream projection point of the parabola i (plan view).

The workflow in Figure 23 shows how the optimal parabolaat each elevation can be computed using an
iterative process in Python
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INPUT

Figure 23: The workflow of the layout of the arches.
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4.8. Smooth dam shape method

The geometry for an arch dam must have smooth transitions to not introduce stress concentrations.
Therefore, the shape of the foundation area must be as smooth as possible. To achieve a smooth dam
profile sharp corners must be avoided and from the crest to the base elevation no “wiggles” must be
observed on the foundation [4].

Due to the initial assumption of the uniform excavation length the dam profile can’t be smooth enough,
as the end points of the parabolas follow the profile of the neighboring topography. For this reason, the
following method is proposed which guarantees the smoothness of the foundation area of the dam.

First, the upstream end points are defined. For each side, two angles must be computed using three
points at the crest and at base elevation. The first angle uses the end point, the center point and the
symmetry point of the reference cylinder, while the otherone uses the end point of the upstream base
parabola, the center point and the symmetry point of the reference cylinder [Figure 24].

(1) LHS end point of the
reference cylinder

(2 center point of the
reference cylinder
symmetry point of the
reference cylinder
RHS end point of the
reference cylinder

LHS end point of upstream
base elevation parabola

@©@ © ® ©

RHS end point of upstream
base elevation parabola

Figure 24: Angles of the reference cylinder and the upstream base elevation parabola (plan view).
diff __ crest base
Ors =Os —OLhs  (4.16)
diff

Ol =L (417
LHS k l ( )

Onts = Oniss —Oriis  (4.18)
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diff
eLHS

orc, = (4.19)

Where, K is the number of the used parabolas.

The difference between the angles is computed and divided with the number of the arches which are
between the two extreme elevations, so the increment of the angle is found. The number of the arches
(k) is defined by the designer and there is no need to follow the previous limitation, between 5to 10
evenly spaced arches, as the sets of the equations that describe the main parabolas are known.

The use of the angle increment is very important as it helps to pass from one elevation to another
providing the essential smoothness to the end points of the parabolas. Hence, at every elevation the
respective smooth angleis computed based on the angle increment. Using this angle a line is computed
which passes through the center point of the reference cylinder. Afterwards, the intersection point
betweenthislineandthe respective upstream parabolaisfound. This process must be done for both of
the sides at every elevation.

As an example the random elevation z; is used to calculate the angle for each side [Figure 25].

i cres Zcres - Zi k _1 inc
Olus = Ohis — G H X ) Oys  (4.20)

i cres LZorest — £ k-1 inc
Orris = Oris — G H X ) Opus  (4.21)

Where, K is the number of the used parabolas.
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Figure 25: Smooth end points of the upstream parabola i (plan view).

Following the same process forall the chosen elevations the smooth upstream foundation area can be
obtained where no sharp corners or “wiggles” can be observed [Figure 26].
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u|c
v | @
g ‘E

Figure 26: Points of the smooth upstream foundation area (plan view).
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To compute the smooth end points for the downstream face a line that is perpendicular to each
upstream parabola at the end point is computed. The intersection point with the respective
downstream parabolais the desirable point. To visualize this method the same random elevation z; is
used and the respective downstream points are computed [Figure 27].
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Number of used parabolas: @.-— — @____‘parabma ! @ reference cylinder

k=11 FI_‘F_I

— R \7‘}, )
'\Zf: . T 0
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\;\{7 reference cylinder
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~ @ reference cylinder

@
®
X @ RHS end point of the
®
®

¥ downstream
@ parabolai

reference cylinder

%©

LHS end point of upstream
base elevation parabola

RHS end point of upstream
base elevation parabola

(7) LHS end point of upstream
parabolai

’g) RHS end point of upstream

~ parabolai

LHS end point of downstream
parabolai

@ RHS end point of downstream
parabolai

reference
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Figure 27: End points of the downstream parabola i (plan view).

Following the same process for all the chosen elevations Figure 28 is obtained which shows the entire
foundation area consisting of the upstream and downstream end points.
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Figure 28: Upstream and downstream points of the smooth foundation area (plan view).
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Figure 29: The workflow of the smooth dam shape method.
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4.9. Review of the arches

The latter method can provide a good shaped profile for the dam but it does not guarantee that there
are no gaps betweenthe damfoundation and the surrounding topography. Hence, the foundation area
must be reviewed detecting and redefining the defective arches until an acceptable profile is obtained.

The main goal of thissectionisto propose an efficient way that can redefinethe entire foundation area
of the dam adding the least essential concrete volume. Itis also mentioned, the parabolic equations
which are used for the upstream and downstream face are constant and only their end points are
altered.

There are two basic criteria that the end points of the parabolas must satisfy.

e The horizontal length between the end point and the respective original topographic point must be
always positive, which means that the parabolas must terminate “inside” the topography. Figure 30

down,i down,i

is used to give an example, X' =X} X' >0, as 0< x' < x

e Thehorizontal length between the end pointand the respective original topographic point must be
min

wcavation - Figure 30 is used to give an example,

larger than the minimum excavation length,

Ll;p,i — Xgown,i _Xgp,i > min ) as O< Xupl < Xdownl

xcavation !

LHS-elevation i

upstream LHS upstream end point
parabolai ) o (1/ ( up,i ) yup, i)

\\
I

LHS downstream end point

Y [y down,i \,down,i

(2) (x§™™, yg°o'™, z))

LHS original upstream topo point
-/-_-\". up, up,

(3) (x{Fe il z)
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Figure 30: Left Hand Side of the arch i (plan view).

It was concluded that the downstream parabolas contain the most probable defective points. For this
reason, an iterative process was developed which checks the downstream end points starting from the
base to the crest elevation at each side.

When a defective pointislocated the process stops and the downstream end point is redefined taking

intoaccount the minimum excavation length criterion. The redefined upstream point is calculated and

. . . . t
the new increment is found. To use the new increment one of the main angles, the crest angle 6} or
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the base angle 6% , must be changed. It was concluded that it is more efficient to change the base

angle, keepingthe uniform excavation length at the crest elevation as this is the initial assumption. The
new angles can be recomputed at every elevation and the end points (upstream and downstream) can
be redefined, eliminating the found defective point.

Afterwards, the redefined downstream end points are checked again and if another defective pointis
detected, the latter processis repeated. This process stops when all the points satisfy the two criteria. If
all the end points satisfy the criteria from the beginning there is no need to be redefined and they are
accepted neglecting the aforementioned process.

Using this method avalid dam, based on the two criteria, is always generated. It should be mentioned
that this processis depended on the neighboring topographic points at every elevation. So, if the profile
of the valley is not appropriate, then a valid dam with high concrete and excavation volume is
generated.
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Figure 31: The workflow of the review of the arches.

45



DESIGN OF DOUBLE-CURVATUREARCH DAMS IN TERMS OF GEOMETRIC AND STRESS CONSTRAINTS BY USING SCRIPT-BASED
FINITE ELEMENT MODELLING

4.10. Developed profile view

The developed profile view is used to examine the excavation volume that a particular layout has
induced. It consists of a developed elevation of the upstream or downstream face of the dam (looking
downstream) with the foundation topography shown. Notethata developed view is not the projection
of the upstream face onto a flat plane [Figure 32, Figure 33].

In the context of this master project, the developed profile view is not used due to its complexity.
However, the process is thoroughly described for integrity purposes and being the basis for future

research. The developed view for the pre-processing stage is developed to validate the following
method.

REST QF DAM /
\ f-CESU

FOUNDATION GRADE

BASE OF Dam

Figure 32: Valid developed profile view [1].

RTFAM/
\ —— CREST OF D

ARCHES DG NOT EXTEND
FAR ENOUGH INTO ABUTMENT

X

FOUNDATION GRADE

8ASE OF DaMm

Figure 33: Invalid developed profile view [1].

To create the developed profile view the developed cylinder is introduced and it is used to map the
essential points. The dimensions of the developed cylinder must be close to the largest parabola of the
dam, whichis the upstream crest elevation parabola (reference cylinder). For this reason, the developed
cylinder is calculated using the focus point and the symmetry point of the reference cylinder.

Note that the developed cylinder is not the same with the reference cylinder which is the upstream
crest elevation parabola.
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All the upstream or downstream parabolas are projected on the developed cylinder and the cylindrical

coordinates are defined using the arc length and the real height. The main goal for this step is to
examine if there are gaps between the foundation grade and the dam base after reviewing the arches.

For thisreason, only the parabolas’ corner points and the respective original topographic points should
be transformed [Figure 34].
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Figure 34: Cylindrical projection method (developed view).

In Figure 35 the transformation of the global coordinates to cylindrical coordinatesinthe the projection
view is shown.Using the following formulas the developed cylinder can be unwrapped to a a planar

surface:

X
tan @ = — —— @ =arctan

3
= (422
y

y
projected F\ RO
parabolai - | T
parabola i (RS, z)
R =
qa__) C
reference Q LDU_
cylinder
X—

Figure 35: Transformation from global to cylindrical coordinates (plan view).

global
coordinates

cylindrical
coordinates
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Usingthe transformed coordinates two sets of points are defined which describe the foundation grade
and the dam base respectively. Connecting the points from each set two polylines can be computed and
they are checked forintersections [Figure 36].
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Figure 36: Polylines of the foundation grade and the dam base (developed profile view).
X! — L, .) represents the LHS end points
X — L s ,) represents the LHS original topographic points
~ L, ,) represents the RHS end points

X! — Lips» Z I) represents the RHS original topographic points

Where, LiS :Reis is the developed length of the LHS endpoint. (4.23)
|_iLHS ZRGLHS is the developed length of the LHS original topographic point. (4.24)
L. =R0}. is the developed length of the RHS endpoint. (4.25)
|_iRHS ZROiRHS is the developed length of the RHS original topographic point. (4.26)

Z;is the elevationi.
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If the two polylines do notintersect then there are no gaps between the dam base and the foundation
grade. Otherwise, the gaps and the affected parabolas must be detected and reshaped using the process
describedin Section 4.9. Afterwards, the polyline of the dam base is recomputed and checked again for
intersections with the foundation grade. This process must be repeated until there are no gaps in the
developed profile view.

To avoid stress singularities at the interface between the dam and foundation, it is important the
developed excavated profile line remains “smooth”. Otherwise, further adjustments to the excavated
profile line may be required. This requirement is satisfied from the process described in Section 4.8.

It is noted that the the dam-rock interface (to be modelled by DIANA geometric groups or interface
finite elements) is also important for the abutment stability analyses (static and dynamic). Hence, the
global stability of the dam andits abutments can be handled consistently in the iterative design process.
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of the arcs and
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o the polylines
intersect?

OUTPUT The profile view is valid

Figure 37: The workflow of the profile view using the developed cylinder.
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4.11. Contraction joints

Concrete arch dams are built in alternate blocks to control the concrete shrinkage; the joints between
the blocks are referred to contraction joints and must be grouted to form the monolith structure [2].
They are very important as they divide the dam into cantilevers and they create the surfaces where
interface elements are applied. In this section the geometry of the contraction joints is explained.

In the Engineer Manual [1] no informationis given for the definition of the contraction joints and forthis
reason a method is proposed that is based on the document reported by R.M. Gunn [2]. Contraction
jointsare an integral part of the dam design process and with today’s computing facilities, they can be
modelled automatically usingiterative processes. Itis mentioned that, contraction joints are not planar,
but ratherwarped or helical in shape. Theirdefinition is also critical in the design and analysis process.

Firstthe jointcenters are defined atthe upstream crest elevation parabola. This parabolais divided into
constantdistance segments of 18-20 m. The maximum allowed distance is used to show the next steps
of the method. The first two centers must be +10 m and -10 m from the crown cantilever section.
Having these two points all the other segments can be defined [Figure 38].

| 190+ _20-+20-+20+20+1t20—20-+ 10
a0 || 1207207201205 0720200201201
|

| oy | ‘ .‘ ‘ | 5<|>< "J’{
%%M

start |
| |

point 1| Left Hand Side
Reference cylinder

reference
plane

Figure 38: LHS joint centers at the reference cylinder (plan view).

Usingthe following formulato compute the length of the parabola the location of the joint centers can
be found.

Legn =sz11/1+ f/(x)°dx  (4.27)

crest crest

Where, f(X)=a""x*+b™x+c™ is assumed to be the parabolic equation of the reference

cylinder (main upstream parabola at the crest elevation).

Itis assumed that the lower limit is provided and the upper limit X, must be defined.
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Lsegm = J‘): mdx—> 20= J:: \/(14_ Zafrestx + blcrest )2 dx

The general solution of the upper integral is.

J-\/(l+ ZalcrEStX+bfreSt)2dX=

;2(8(a1crest )2 X+ 4 crestblcrest)\/4 crest X +4a1crest crest (blcrest )2 +1

+i(|n (i(4(alcrest)zx+2 crestblcrest) \/4 crest X +4alcrest crestx+(blcrest)2+1Jj

The analytical solution of the integral is very complex, so the unknown X, is computed numerically using
an iterative process which provides the desirable solution with high accuracy. Afterwards, the respective
y-coordinate must be computed by substituting X, into the parabolic equation of the reference

cylinder.

crest crest

X1 +bl<:restxl +
Having computed the joint centers, their projection on the downstream crest elevation parabola must
be found. For this reason, lines which are perpendicularto the upstream parabola and pass through the
joint centers are being defined. Afterwards, the intersection points between these lines and the
downstream crest elevation parabola are being computed [Figure 39].

The joint center C (xc,yc) is assumed to show the mathematical background for this part.

1

perline,i — crest crest

crest crestJ_
f'(x)=2a""x, +b™ La o T

perpendicularline:iL . =a X+b

per,i perline,i | perline,i

b

perline,i — yc crest crest XC

61X+

Using the perpendicularline Lpe,yi the respective intersection point with the downstream crest elevation

parabolais found.

perpendicular line:i L X+b

per,i — perllne i perline,i X + b acrest 2 bcrest

a‘perline,i perline,i —

downstream crest elevation parabola: g ( x) = a5 x* +b;"*' x +c,
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Figure 39: LHS contraction joints of the reference cylinder (plan view).

The jointcenters are used for the lower arches as well. The upstream contraction joints are defined by
using the joint centers and the points of the upstream parabola that are closest to them. Afterwards,
lines are computed usingthe joint centers and theirrespective upstream contraction joints. Finally, the
downstream contraction joints are the intersections between these lines and the downstream parabola.
[Figure 40, Figure 41, Figure 42]

Assuming a joint center C(Xc, yc)the minimum distance from the upstream parabolaiis computed.

C(Xc,Yc)
/D(x)
P(x,y)

Figure 40: Minimum distance between a point and a parabola.

PC? :(y—yc)2+(x—xc)2 :(a{x2+b1ix+cli—yc)2+(x—xc)2

D(x)=(ax’ +bjx+c —yc)z +(x=x) > D'(x)= 2(ayx® +bix+c; -y, )(2ax+h} ) +2(x = x,)
D'(x) =0 — 3roots — pick thereal x which is closest to the joint center — X,

Having computedthe X coordinatethe Y, can be found by substituting X intothe parabolic equation.
Y, =aX; +hix, +¢
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Figure 41: Upstream contraction joints at elevation i (plan view).
The line that passes through the points C and P can be found.
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The intersection points with the downstream parabolai are found.
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Figure 42: Downstream contraction joints at elevation i (plan view).
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The intersection points of the downstream parabolaiwith the lines yli and yi2 are the end points of the

downstream parabolai. The lines yiand yi2 connect the respective upstream parabola with its center.

i i iy2 i i i
i (XLHS ) =Y (XLHS ) > &X s +b2Xi,LHS +C = lei,LHS &
i i

[ i iy2 [ [ i
i (XRHS ) =Y, (XRHS ) > &)X rus +b2Xi,RHS +C = dZXi,RHS +&

In the same mannerthe upstream and downstream contraction joints at every elevation can be defined.
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Figure 43: The workflow of the contraction joints.
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4.12. Diana Interactive Environment (DianalE) Model

At this stage the main parts of the dam are described by sets of parabolicequations. These sets are used
to generate clouds of points so they can be fitted by Bezier Surfaces, which is one of the new features of
Diana Interactive Environment Software.

It is mentioned that, Bezier Surfaces are a very powerful tool which can describe abnormal surfaces,
using a very large number of points. However, possible distance errors from the given points can occur
due to their sensitivity. For this reason, a good point grid is essential as through this simple rule the
errors can be minimized and become negligible. Each surface must be investigated separately so the
optimal grid can be found.

First, the designer must choose the number of the used elevations and then the cloud of points are
defined. The number of the elevations should be chosen based on the aforementioned rule regarding
the sensitivity of Bezier Surfaces.

4.12.1. Preliminary upstream cloud of points

The upstream face consists of one set of parabolas, the main upstream parabolas. Using this set the
respective cloud of pointsis generated. Foreach elevation aset of x-values is defined representing the
x-coordinates of the upstream points.

The x-values are generated using the x-coordinates of the upstream and downstream point adding a
small tolerance ateach side, so the final points can extend the borders of the dam. This tolerance is very
useful for Section 4.12.4 where the final shape of the dam is obtained using a specific process.
Furthermore, the number of the x-values is defined by the designer and it is very important to be in
accordance with the number of the used elevations.

In Figure 44, it is shown the cloud of points and of the upstream dam face using 25 elevations and 21
points for each elevation.

L

Figure 44: Cloud of points of the upstream face (left). Bezier Surface of the upstream face (right).

¢
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4.12.2. Preliminary downstream cloud of points

In the preliminary design stage the downstream face consists of one set of parabolas as well, the main
downstream parabolas. The process to define the essential points is identical to upstream face and for
this reason itis not repeated.

Similarly as before, in Figure 45, itis shown the cloud of points of the downstream dam face using again
25 elevations and 21 points for each elevation.

|

&%/ g

Figure 45: Cloud of points of downstream face (left). Bezier Surface of downstream face (right).

4.12.3. Preliminary foundation clouds of points
Two clouds of points, one foreach side, are essential to describe the entire foundation area of the dam,
using the respective upstream and downstream end points and their middle points.

Furthermore, for each end point an additional point is generated which uses the same x and z-
coordinates whilein the y-coordinatealarge tolerance isadded. The sign of the tolerance is dependent
on the end point. For the upstream points the tolerance in negative, while for the downstream points
the tolerance is positive.

Finally, atthe base and the crest elevation additional points are computed also deviating now on the z-
coordinate using a different tolerance which is proportional to the height of the dam. In this way, the
Bezier Surface passes smoothly through all the end points, while at the same time it always extends
from the borders of the dam.
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Figure 46: Clouds of points of foundation area (left). Bezier Surfaces of foundation area (right).

4.12.4. Preliminary solid shape of the dam

A solid block is created to represent the arch dam. For this purpose, the maximum coordinates of the
dam points are used forthe lateral dimensions whilethe height of the blockis equal to the real height of
the dam [Figure 47].

To obtain the solid shape of the arch dam the Bezier surfaces for the upstream and downstream face
and the foundation area are used, subtracting the solid block following a specific order. First the
foundation surfaces subtract the solid block [Figure 48] and afterwards the upstream and downstream
surface [Figure 49]. The solid shapes which do not contain the dam geometry are removed and the solid
shape of the dam is obtained [Figure 50].

Finally,the damsolidisimprinted onthe topographicsurface and a line is generated on each face which
shows the area of the connection of the dam with the rock, or the volume of the dam which is “inside”
the rock.

It is mentioned that, the subtraction between a solid shape and a surface is only successful when the
borders of the surface are larger than the borders of the solid as Diana Interactive Environment
(DianalE) does not support partially sectioned bodies. In addition the surface mustintersect each side of
the solid only once, creatinganintersection line foreach side [7]. Forthisreason, all the used tolerances
and additional points are so important and in this way a good-shaped dam is generated as far as a
proper topographic surface is given.
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Figure 47: Solid block of the arch dam.

Figure 48: The dam solid before (left) and after (right) the subtraction with the foundation surfaces.
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Wl

Figure 49: The dam solid before (left) and after (right) the subtraction with the upstream and downstream surfaces.

v e

Figure 50: Solid shape of the dam removing the unsuitable solids.
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4.12.5. Preliminary solid shape of the topography

To create the solid shape of the topography atolerance and the extreme coordinates of the topographic
points are used to define the dimensions of a solid block. The depth of the block is defined by the
designeraswell [6]. The value of the tolerance should be in accordance with Section 4.1 and not exceed
the dimensions of the given topographicsurface, orelse a partially sectioned body occurs which it is not
allowed.

The topographicsurface sections the solid block and the upper part is removed [Figure 51]. Afterwards,
the dam solidis subtracted from the topography solid and the footprint of the dam on the topography,
or the excavation area, is generated [Figure 52].

Figure 51: The topography solid before (left) and after (right) the subtraction with the topographic surface.

Figure 52: The topography solid before (left) and after (right) the subtraction with the dam solid.
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4.12.6. Preliminary contraction joints

The contraction joints follow the method described in Section 4.11and for this reasonitis not explained
again. In this section the contraction joints are visualized so the reader can understand how they are
generated in Diana Interactive Environment.

Using the solid shape of the dam with the imprinted topography the geometry of the contraction joints
is computed automatically based on the given cantilever width, which can be from 18 to 20 meters
[Figure 53].

The same strategy from Section 4.12.3 is used, where additional points are used to generate good-
shaped Bezier Surfaces. It is mentioned that, for every location a list is generated including the
contraction joints and the additional points. The number of the occurred cantilevers is arbitrary and it is
dependent on the length of the reference cylinder (upstream crest elevation parabola) [Figure 54].

The point of attention that should be taken into account is that the contraction joints create helical
surfaces between the cantilevers and not planar surfaces. Choosing a random cantilever from the dam,
its top view is visualized [Figure 55].

L

Figure 53: Geometry of the contraction joints.
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E :

Figure 54: Bezies Surfaces of the contraction joints (lef). The dam cantilevers after the subtraction (right).

TOP VIEW

Figure 55: Visualization of the helical surfaces of a cantilever.

4.12.7.Preliminary boundary conditions
In this section the boundary conditions and the load combinations are defined forthe preliminary design

stage.

The boundary conditions are formulated as follows. The bottom face of the solid of the topography is
supported in the vertical direction (z-axis) and the four side faces are supported in the horizontal
directions (x and y-axis) [Figure 56].
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Figure 56: Boundary conditions of the model.

A preliminary stress analysis is performed to determine the state of stress of the dam under various
loading conditions. Only static loading conditions are analyzed like hydrostatic, thermal, silt, ice tail
water loads and dead weight.

In the context of this master project only the self-weight and the hydrostatic pressure on the dam are
takenintoaccount. The mainreasonfor selectingthe aforementioned load combination is that they are
applied automatically through the code in the present product version of Diana Interactive Environment
(DianalE). Thisis not the case for the temperature load as at this stage it must be applied manually after
meshing the dam. Furthermore, the hydrostatic pressure on the topographicsurface is neglected on the
valley. Stresses due to the rock self-weight should be avoided.

Figure 57: Hydrostatic load on the upstream face of the dam.
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4.12.8. Preliminary mesh guidelines
A proper mesh size must be defined forthe model soitcan be analyzed. There are two solid shapes, the
dam and the topography, and a different mesh size is defined for each of them.

The topography solid shape is not of high importance and as the value of 100 meters is chosen for its
mesh size.

Regarding the mesh of the dam, the guidelines fromthe document [3] are used to compute the limit of
the dam meshsize. Forlinearelasticanalyses, the largest size of the finite element must be limited to
one fifth of the shortest wave length.

E

G=——— (4.28)
2(1+v)

Where, E is the Young’s modulus of the concrete.

vis the Poisson’s ratio of the concrete.

G is the shear modulus of the concrete.

v, - \E (429
o,

Where, pisthe density of the concrete.

V is the wave travelling speed to travel across an element of characteristic dimension h such

that At <= E .
V

S

min

A = st (4.30)

max

Where, ., =20Hzisthe maximum frequency of the seismic signal.

Amin is the shortest wave length.

Having the dam mesh size limit the most appropriate mesh should be selected for the model.
Consequently, more than one dam mesh sizes may be checked which should be equal or smaller than
the limit.

In the context of this master project, only Hexa/Quad linear elements [7] are used for two reasons. The
first one is that a fine mesh is used for the dam and the integration points of a linear element are
sufficient. The second is that Hexa/Quad quadratic elements may generate bad shaped elements with
negative volume and as a result the analysis is not completed.
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4.13. Selection of the best alternative

This step can be divided into two parts so the best alternative can be chosen based on the geometric
constraints. First, each dam site must be thoroughly investigated so the dam with the least concrete and
excavation volumeis generated, checking the orientation of the dam axis. Afterwards, all the different
dam sites are compared and the best alternative is chosen.

Regardingthe firststep, itisveryimportantto follow the guidelines from Section 4.5, where the angles
of incidence B should approximately be equal foreach side and largerthan 30 degreesin the upper half
[Figure 17] [1]. The allowable deviation between the angles is assumed 10 degrees. One more simple
but very effective rule is that the dam axis should be approximately parallel to the axis of the riverbed.
In other words, the dam should be perpendicular to the riverbed.

Having found the bestalternative the finaldesign stage can take place where the final shape of the dam
is defined taking into account the allowable stress level.

Itis mentioned again that, stress peaks during the preliminary design stage are not of high importance
due to the stress singularities occurring around the connection area of the dam with the rock.
Furthermore, the script does not take into account the size of the reservoir which is a significant factor
for the selection of the best alternative in practice.
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5. Final design stage

In the final design stage the optimization techniques are applied using the preliminary best alternative.
The main goal is to add the least essential concrete and excavation volume to reduce the principal
stresses to allowable levels. Hence, the geometry of the best alternative must be redefined by changing
the used equations and adding new ones.

5.1. Designimprovement

Through the designimprovementthe initial damisreshaped soa more efficient shape interms of stress
levels can be generated. The side parabolas are used to thicken the abutment. Furthermore, the crown
cantileversection and the line of main centers may be redefined so the dam can be thickened along its
height.

It is mentioned that, the final dam must be reshaped until allowable stress levels are reached. For this
reason, an iterative processis followed where the following variables are altered progressively till the
final dam design is found.

Based on the document [3] the most importantareas (key points), interms of stress levels, of a double-
curvature arch dam are visualized [Figure 58]. This section focuses on these areas and how they can be
reshaped so smaller stresses can be obtained. This master project focuses on the green and the red
circles as only static analyses are performed.
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Figure 58: Key stress points of a double-curvature arch dam [3].
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5.1.1. Definition of side parabolas

Side parabolas are the additional parabolicsetsthat describe the thickening in the downstream face of
the dam. They consist of two different sets, one for each side, and they are correlated to each other as
they use the same parameters.

They are defined based on the document [2] and their assumptions were thoroughly discussed so they
can be as realistic as possible. One of the most dominant design factors was that they must be
applicable to all different sites without generating abnormal dam shapes.

Four basic variables are introduced which describe the entire geometry of the side parabolas. Due to
their high dependency with the main downstream parabolas they work using proportions.

control _angle[-], is the proportion which defines the side angles. For this reason the variable is
multiplied with the main angles along the dam height and its range is from 0 to 1. Note that, the main
angles are computed by the end points and the reference plane. Using the side angles the respective
lines are computed, which pass through the main center points, so the intersection points between the
lines and the main downstream parabolas are computed. These points are the transition (tangent)
points. Furthermore, both sides use the same proportion so a smooth downstream face can be
generated based on the dam boundaries [Figure 59, Figure 62].

control _ crest [-] , isthe proportion which definesthe side center pointatthe crest elevation, its range

is from 0 to 1. At crest elevation, the y-coordinate of the side center point is defined by using the
horizontal length between the respective tangent point and the main center point. This length is
multiplied by this proportion anditis added to the y-coordinate of the tangent point. Afterwards, the x-
coordinate of the side center pointis defined by the equation of the line which connects the transition
point with the main center point [Figure 59, Figure 61].

control _ 050H [-] , isthe proportion which defines the side center point at elevation 050H above the
base, its range is from Oto 1. The same process described for the variable control _crest is used and

only the target elevation is changed [Figure 59, Figure 61].

control _base[-] , is the proportion which defines the side center at the base elevation, its range is
from 0 to 1. The same process described for the variable control _crest is used and only the target

elevation is changed [Figure 59, Figure 61].

Using the three side centers points a parabolais calculated, which described the line of side centers.
Consequently, the side center point at each elevation can be computed. In this way the abutment
thickening is calculated along the height of the dam creating a smooth downstream face, eliminating
possible geometric anomalies [Figure 62].
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Figure 60: Lines of transition (tangent) points along the dam height (front view) [2].
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Figure 61: RHS line of side centers (side view) [2].
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Figure 62: Lines of side centers along the dam height (front view) [2].
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In the context of this master project the value of the control _angle is set to 0.667 as this value is

concludedto be an efficientapproximation forthe transition points, based on the document [2], which
describes a real dam.

Regarding the variables control _crest, control 050H and control _base the determination of
theirvalues must be checked separately using trials. Itis mentioned that, if their value is small, close to
0, then the side center point is close to the transition point and a steeper (narrower) side parabolais
generated, which means that more abutment is added. The exactly opposite happens when a large
value, close to 1, ischosen where the side center pointis close to the main center point. Consequently,
the generated side parabolais broader (wider), which means that less abutment is added. In addition,
the least concrete volume should be added so the best alternative remains the most economical one.

Abutmentthickeningis used to reduce areas with high tensile stresses. The areas of the dam with the
highest tensile stresses are normally on the upstream face, above the base near the foundation area.
These areas are visualized in Figure 58 described by the green circles. Furthermore, abutment thickening
reduces the compressive stresses around the foundation area.

For thisreason, sharperside parabolas are more essential for the elevations close to the base compared
to the elevations close to the crest. In this way, the variable control _crest should have a large value

so the least abutment thickening is added at the crest, while the variables control _050H and

control _base should have a small value so more abutment thickening is added around the base.

5.1.2. Redefinition of crown cantilever section
In this section it is described how the crown cantilever section is reshaped, so the uniform thickness
along the height can be smoothly changed.

The geometry of the crown cantilever section is defined in Section 4.6 and it consists of the upstream
and downstream crown cantileverlines. Forintegrity purposes, the upstream line remains intact while
the downstream line is redefined using three new variables which move the downstream projection
points along the reference plane. Afterwards, a new parabola is computed based on the redefined
points, which describes the redefined downstream line.

cc_down _tol_crest [meters], is the tolerance thatis added in the y-coordinate of the downstream

crown cantilever point at the crest elevation [Figure 63].

cc_down _tol _045H [meters], isthe tolerance thatisadded inthe y-coordinate of the downstream

crown cantilever point at 0.45H above the base elevation [Figure 63].

cc_down _tol _base[meters], is the tolerance that is added in the y-coordinate of the downstream

crown cantilever point at the base elevation [Figure 63].
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Figure 63: Redefinition of the crown cantilever section (side view) [2].

In this way, the uniformthickness of the dam at each elevationis altered. The values of the variables can
be negative, meaning that a thinner dam is generated, or positive, meaning that a thicker dam is
generated. However, if the given values are negative, they must not be larger than the initial thickness
at this elevation as the dam volume becomes negative.

The main goal of thissectionistoreduce the maximum tensile stresses located in the middle dam area
above the base. The values of the variables must be defined by trials adding the least needed concrete
volume. Furthermore, the shape of the downstream line should be similar to the initial line, or else a
completely different dam will be generated. In other words, the values of the variables should be chosen
so the thickness change along the height remains approximately the same.

5.1.3. Redefinition of line of main centers

The line of main centers can be redefined aswell so a more efficient dam is generated. In this way, the
main upstream and downstream parabolas are narrowed or widened, so they can fit better on the
surrounding topography.

The definition of the line of main centers is described in Section 4.7 and in the context of this master
project five points are used. For this reason, five variables are used so each of these points can be
redefined moving them along the reference plane.

center _tol _ z_crest[meters] , is the tolerance that is added in the y-coordinate of the initial main

center point at the crest elevation [Figure 64].
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center tol z 075H [meters], is the tolerance that is added in the y-coordinate of the initial main

center point at 0.75H above the base elevation [Figure 64].

center _tol z 050H [meters] , isthe tolerance that is added in the y-coordinate of the initial main

center point at 0.50H above the base elevation [Figure 64].

center tol z 025H [meters], is the tolerance that is added in the y-coordinate of the initial main

center point at 0.25H above the base elevation [Figure 64].

center _tol _z_base[meters] , is the tolerance that is added in the y-coordinate of the initial main

center point at the base elevation [Figure 64].
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Figure 64: Redefinition of the line of main centers (side view) [2].

If the variables have a positive value then their distance from the crown cantilever section becomes
larger. Consequently, the redefined parabola becomes wider. It is mentioned that, a wider parabola
usually leads to an increase of the respective tensile stresses.

These variables are very efficientin reducing the tensile stresses of the green circle [Figure 58], located
on the downstream face. However, special attention should be given so the shape of the line remains
smooth as it directly affects the entire shape of the dam.

Their values should be modified in accordance with the other variables from the crown cantilever
section, so local anomalies are avoided, like dimples on Bezier Surfaces. Around the anomalies bad -
shaped elements may occur which significantly affect the principal stresses.
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5.2. Interface elements
Interface elements must be used forthe common surfaces of the dam and the rock to simulate possible
openings. In his way, the stress singularities are drastically reduced and a more realistic model is

obtained.

Two different types of interface elements are used to reduce the stress singularities. The first one
connects the common surfaces of the dam cantilevers, while the other one connects the common
surfaces of the dam cantilever with the surrounding rock.

Non-linear elastic interface elements are used and their stiffness should depend on the stiffness of
adjacent material. Forthis reason, the normal and tangential stiffness moduli are defined through the
following rule of thumb.

E
K, :100~1000F[N/m3] (5.1)

K
K, =m[N/m3] (5.2)

Where, K. [N/mﬂ is the normal stiffness modulus-z*.
K, [N/msjis the tangential stiffness modulus-y*.
E[N/mﬂ is the highest elastic modulus of the connected solids.

| [m]is the characteristic length of the smallest element.

It is recommended that, the highest possible material values should be used such that overlapping is
avoided.

Tt [N/m?]
A

> A.unqt [m]
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Figure 65: Constitutive model for interfaces in normal and tangential direction.
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5.2.1. Concrete-concrete connection

Concrete-concrete interfaces use the geometry of the contraction joints, described in Section 4.11,
simulating possiblesliding between the dam cantilevers. In this way, the cantilever joints can partly or
fully open and close during a seismic excitation [Figure 66].

Figure 66: Concrete-concrete interfaces (3D view).

5.2.2. Concrete-rock connection
The common surfaces of the dam and the rock are split into two types of interface elements. The first

one contains the upstream and downstream cantilever surfaces [Figure 67], while the second one the
cantilever surfaces of the foundation area [Figure 68]. They are called side and base interfaces
respectively.

The side interfaces remove the connection between the dam and the rock [Figure 67]. In this way the
two solid shapes can act independently and the stress singularities are eliminated from these surfaces.
Thisis veryimportant as these surfaces contain the stress key points that have to be checked [Figure 58,

green circles].

The base interfaces connect the dam to the rock [Figure 68]. Hence, the stress singularities are located
around them and a more realistic model is obtained where openings between the dam and rock can

happen.
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Figure 68: Base concrete-rock interfaces (3D view).

5.3. Final stress analysis
Having defined the new parabolic sets that describe the geometry of the final dam, the model is

generated and a non-linear static analysis is performed.

To create the model in Diana Interactive Environment (DianalE) the same process from Section 4.12 is
used takinginto account the final variables. Consequently, the redefined downstream face consists of
three different types of parabolas as the side parabolas for each side are taken into account. The
foundation areais affected too as the side parabolas describe the downstream end points. In the end,
the dam and the topography solid shapes are generated based on the final variables.

In the context of this master project, a non-linear static analysis is performed and the non-linearity is
located only on the interface elements.
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5.4. Evaluation of results
The results for the final model must be evaluated so it can be concluded if the stress constraints are
satisfied. The principal stresses onthe dam must be below 1 MPa in tension and below the compressive
strength of the used concrete [6]. The principal stresses on the rock are neglected as they are assumed
to be of secondary importance.

Using interface elements, the stress singularities are drastically reduced but they are not eliminated.
Hence, the key stress points must be located based on Figure 58 neglecting the stresses around the
foundation area which contains the stress singularities.

If the key point stresses satisfy the constraints then this is the final dam. Otherwise, the final variables
[Section 5.1] must be modified adding a small amount of concrete volume where is needed. The way
that the variables should be redefined is based on the designer’s judgement and the found results.

The process stops when the stress constraints are satisfied. In this way, a “manual” optimization takes
place where the final solutionis dependent on the designer’s experience. Further research is essential
for this part and it is out of the context of this report.

An alternative to the aforementioned process is to use only a scalar as an optimization target which
simplifies the treatment of the principal stress vectors (0'1, 02,0'3) ascalaris defined which combines

all of theminto one value. Fordam mass concrete, the biaxial stress state is used for the upstream and
downstream surfaces of the dam.

The scalar represents a safety factor for concrete under static and dynamic loading conditions with
reference to abiaxial failure envelope. Hence, the designer must define the static uniaxial compressive

strength of the concrete f,, the transformation factor from static to dynamic strength X,

(Xrate = 1.30) , and the transformation factor from apparent to actual stiffness X, (XspeC = 0.44) [7].
The static compressive strength can be defined either by a constant value or as a function of time or
maturity, using a multilinear diagram. In the context of this master project, only the first situation is
taken into account. In addition, the two transformation factors are used to calculate the static tensile
strength and the dynamic compressive and tensile strength [7].
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2 Biaxial tension
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Figure 69: Static (inner) and dynamic (outer) concrete biaxial failure envelope [7].

In Figure 69 the biaxial failure envelope for concrete under static loading and under dynamic loading is

definedinthe stress surface whichis expanded by the maximum principle stress o, and the minimum

principle stress o, [7].

There are three different zones which are defined by the ratio & between the maximum principal stress

o, and the minimum principal stress o,, (a = 61/0'2) [7].

For Zone 1 (0<a<1):

(1+3.650)(1+a*)f,
(1+a°) fsc

R =

For Zone 2 (a < O) :

(1+ Z)fc

(1— ac] fsi
t

S

R =

—h
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For Zone 3 (a >1):

(1+ O(Z)ft
o fst

Where, R is the distance from the origin to the failure envelope.

fsc is the compressive strength safety factor.
fst is the tensile strength safety factor.
fsi is the intermediate safety factor.
There are four different load cases and only the first one is taken into account [7].

e Static Usual (FSstus)

e Static Unusual (FSstun)

e Dynamic Unusual (FSdyun)
e Dynamic Extreme (FSdyex)

Note that, the value of the safety factor R must be largerthan one so itcan be accepted. Otherwisethe
staticuniaxial compressive strength of the concrete f, mustbe increased so the biaxial failure envelope

can be expanded. Consequently, the dam is reshaped while at the same time the best fitting concrete
strength class is investigated. Note that, a normal range for concrete strength should be from 15 to 45
MPa.

This processis notinvestigatedin this master projectand only some characteristic plots are going to be
shown.
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6. Application of the code
To demonstrate the aforementioned process and validate its efficiency a realistic dam design is
simulated in the following sections.

6.1. Selection of the topographic surface

Firsta realistictopographicsurface based onSection 4.2is obtained. The mainaimisto find a valley that
is high, narrow and long enough, so a sufficient number of potential dam sites can be picked. For this
reason, a small part of Vikos Gorge is chosen.

Vikos Gorge (Dapayyl tou Bikou) is a gorge in the Pindus Mountains of northern Greece. It lies on the
southernslopes of Mount Tymfi, with a length of about 20 km, depth ranging from 450 to 1600 m and a
width ranging from 400 m only a few meters at its narrowest part. The picked surface is 2 km long and
satisfies the general criteria to design a dam [9].

Picture of Vikos Gorge Cloud of points (3D view)

\ ¢

3"

Bezier surface (3D view) Bezier surface (top view)

Figure 70: Vikos Gorge surface from Sketchup2015 to DianalE.
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6.2. Selection of the potential dam sites
Three differentlocations are investigated which are chosen based on the general shape of the damso all
the potential dam shapes can be compared [Figure 71].

e Location A should generate an unsymmetrical dam where Right Hand Side (RHS) is longer.
e Location B should generate a symmetrical dam.
e Location Cshould generate an unsymmetrical dam where Left Hand Side (LHS) is longer.

Location C

| ocation B

Location A

Figure 71: The chosen locations on the topographic surface (plan view).
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6.3. Selection of the basic variables

To generate dams using the script, the basic variables must be defined. The following values for each
location are not based on a real dam buttheyare assumed. If one of the variable s changes then atotally
new dam is generated and it is not comparable with the previous one.

To obtainthe desirable locations more than one hundred different sites were tested and the best three
were chosen based on the guidelines of Section 0 [Figure 71].

The basic variables of the dam height, the uniform excavation length and the minimum excavation
length have the same values for all the locations and as a result the generated dam models are
comparable with each other. As mentioned before, the dam base elevation is assumed to be 8 meters
below the lowest contourin riverbed [6].

The value of the axisangle mustbe checked foreach location so the most economical dam is generated.
Therefore, each location is checked for a range of angle values and then the most efficient one is
chosen, based on the least concrete (dam) and excavation volume. A table and the respective graph,
containing the essential information, are shown for each location in the following sections.

The range of the axis angle is highly dependent on the used topography. If the topography is smooth
enough then the range is large as well and vice versa.

6.3.1. Location A-Selection of the best fitting dam
Ystart = —400m

H =250m

Z..=42m

base

0, =—25°.6° >0, =—10°

is —

L

excavation

=30m

Lmin

excavation

=10m
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Location A
axis equal Veone Ve
anngle anglnes B (m?) (m?)
() ()
6 NO 1.557E+06 | 4.368E+05
4 NO 1.527E+06 | 3.641E+05
2 1.487E+06 | 3.547E+05
0 1.476E+06 | 3.586E+05
-2 1.466E+06 | 3.599E+05
-4 YES 1.460E+06 | 3.626E+05
-6 YES 1.455E+06 | 3.644E+05
-8 YES 1.450E+06 | 3.629E+05
-10 YES 1.447E+06 | 3.611E+05
-12 1.441E+06 | 3.545E+05
-14 1.435E+06 | 3.234E+05
-16 1.596E+06 | 3.021E+05 Brys > 30°
-18 1.687E+06 | 3.185E+05 and Brys = Pras
-20 1.789E+06 | 3.384E+05 Brrs > 30°
-22 1.904E+06 3.673E+05 NO FALSE FALSE
24 NO 2.019E+06 | 4.058E+05 TRUE FALSE
-26 NO 2.156E+06 | 4.931E+05 | |YES TRUE TRUE

Table 1: Location A, concrete and excavation volume vs axis angle.

In Table 1 there are different colorsinthe columns of angles . The definition of the angle of incidence is
explained in Section 4.5. NO means that, the angles are not equal and at least one of them is smaller

than 30 degrees.

YES means that, the angles are equal and both of them are larger than 30 degrees.

means that, the angles are not equal and both of them are larger than 30 degrees.

Onlythe results with YES are suitable, based onthe initial criteria. Furthermore, the best fitting solution
is pointed out in each table.
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Figure 72: Location A, concrete and excavation volume vs axis angle.

In Figure 72 it isshown how the change of the axis angle influences the dam (concrete) and excavation
volume. The different colors that are used have the same meaningas in Table 1.

6.3.2. Location B-Selection of the best fitting dam

Yo =—240mM
H =250m
Z,.e =38M

0, =—14°..40° > @, =24°

is —

Lexcavation = 30 m

Lo =10m

excavation
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Location B
axis equal
angle | angles B Veene Vexe
; . (m?) (m?)
(') (')
40 NO 1.275E+06 | 2.965E+05
38 NO 1.192E+06 | 2.607E+05
36 NO 1.163E+06 | 2.495E+05
34 1.155E+06 | 2.472E+05
32 1.152E+06 | 2.474E+05
30 1.152E+06 | 2.482E+05
28 1.155E+06 | 2.499E+05
26 1.165E+06 | 2.551E+05
24 YES 1.173E+06 | 2.591E+05
22 YES 1.181E+06 | 2.612E+05
20 YES 1.192E+06 | 2.632E+05
18 YES 1.207E+06 | 2.657E+05
16 YES 1.224E+06 | 2.688E+05
14 YES 1.244E+06 | 2.709E+05
12 1.264E+06 | 2.706E+05
10 1.283E+06 | 2.657E+05
8 1.310E+06 | 2.664E+05
6 1.340E+06 | 2.698E+05
4 1.368E+06 | 2.708E+05
2 1.391E+06 | 2.704E+05
0 1.421E+06 | 2.794E+05
-2 1.453E+06 | 2.955E+05
-4 1.469E+06 | 3.066E+05 BLus > 30°
-6 1.465E+06 | 3.082E+05 and Brus = Braus
-8 NO 1.468E+06 | 3.229E+05 Brus > 30°
-10 NO 1.455E+06 | 3.249E+05 NO FALSE FALSE
-12 NO 1.440E+06 | 3.271E+05 TRUE FALSE
-14 NO 1.429E+06 | 3.308E+05 | |YES TRUE TRUE

Table 2: Location B, concrete and excavation volume vs axis angle.
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Figure 73: Location B, concrete and excavation volume vs axis angle.

6.3.3. Location C-Selection of the best fitting dam

Yo = 60M
H =250m
Zbase = 38 m

0, =—6°.20°—> 0, =8°
Lexcavation = 30 m

Lo =10m

excavation
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Location C
axis equal
angle angles B Veone Verc
3 3
. . (m°) (m°)
(") (')
20 NO 1.696E+06 | 4.069E+05
18 NO 1.630E+06 | 3.834E+05
16 1.609E+06 | 3.853E+05
14 1.610E+06 | 3.988E+05
12 1.622E+06 | 4.189E+05
10 1.644E+06 | 4.466E+05
8 YES 1.705E+06 | 5.039E+05
6 YES 1.799E+06 | 5.807E+05
4 1.870E+06 | 6.257E+05 Brus > 30°
2 1.949E+06 | 6.938E+05 and Brus = Bras
0 2.005E+06 | 7.413E+05 Brus > 30
-2 2.068E+06 | 7.918E+05 | NO FALSE FALSE
-4 2.139E+06 | 8.488E+05 TRUE FALSE
-6 2.211E+06 | 9.024E+05 | |YES TRUE TRUE
Table 3: Location C, concrete and excavation volume vs axis angle.
2.5E+06
2.0E+06
Dam|volume
— /
1 CELNG m'_
L.JALTOU E-
Q
E
E
[s]
1 NnEane >
5 OE+05 Excavation volume
—
0.0E+00
-8 -4 0 8 12 16 20 24
Axis angle ()

Figure 74: Location C, concrete and excavation volume vs axis angle.
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6.4. Preliminary model properties
Duringthe preliminary design stage only linearanalyses are performed. So, the elastic properties of the
materials, concrete and rock, must be defined.

For the rock, the following properties are chosen.

. =18GPa
=0.27

e Young’s modulus: E

e Poissonratio: V

e Mass density: p, ., =0kg/m?®
For the concrete, the following properties are chosen.

e Young’s modulus: E_ . =255GPa

e Poisson ratio: V,,,. =0.20

e Massdensity: p,,,, = 2400kg/m°

E(GPa) |v p (kg/m?3)
Rock 18.0 0.27 0
Concrete 25.5 0.20 2400

Table 4: Preliminary material properties.

The density of the rock is assumed to be zero, as the stresses due to the rock self-weight should be
avoided. The focus is on the arch dam and not on the surrounding topography.

6.5. Preliminary results
The preliminary results are visualized for each location. The used boundary conditions are explained in
Section 4.12.7 and they are the same for every model.

The determination of the mesh sizes is based on Section 4.12.8, where the topography mesh size is
always fixed at 100 m. For the dam three different mesh sizes are tested, the first one isthe limit size 21
m, the second on is the intermediate mesh size 10 m and the third one is the fine mesh size 5 m.

The reasonfor using three mesh sizesisto point outthe influence of the stress singularities around the
connection area of the dam with the rock. In the following three sections the results for the
intermediate mesh are shown, while the other results are in Appendix 1: Preliminary results. The results
for the displacement field DtXYZ and the in-plane principal components at the upstream and
downstream face of the dam are shown.

The topography solid shape is not of high importance and as a result it is not visualized.
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6.5.1. Location A-Dam mesh size 10

Figure 75: Location A-Mesh 10-Displacement field DtXYZ (3D view).
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Figure 76: Location A-Mesh 10-In plane principal stresses (Upstream view).
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Figure 77: Location A-Mesh 10-In plane principal stresses (Downstream view).
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6.5.2. Location B-Dam mesh size 10

Figure 78: Location B-Mesh 10-Displacement field DtXYZ (3D view).
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Figure 79: Location B-Mesh 10-In plane principal stresses (Upstream view).
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Figure 80: Location B-Mesh 10-In plane principal stresses (Upstream view).

91



DESIGN OF DOUBLE-CURVATUREARCH DAMS IN TERMS OF GEOMETRIC AND STRESS CONSTRAINTS BY USING SCRIPT-BASED

FINITE ELEMENT MODELLING

6.5.3. Location C-Dam mesh size 10

Figure 81: Location C-Mesh 10-Displacement field DtXYZ (3D view).
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Figure 82: Location C-Mesh 10-In plane principal stresses (Upstream view).
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Figure 83: Location C-Mesh 10-In plane principal stresses (Upstream view).
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6.6. Selection of the bestalternative

The best fitting dam for each location is compared, so the best alternative is chosen. The predominant
factors are the concrete (dam) and the excavation volume. Based on Table 5 and Figure 84 it is
concludedthat Location B gives the best alternative. Consequently, the most symmetrical dam gives the
most economical solution and this is not just a coincidence.

axis equal
. VCOI‘IC Vexc
Location | angle | angles 3 3
. . (m) (m)
() B()
A -10 YES 1.447E+06 | 3.611E+05
B 24 YES 1.173E+06 | 2.591E+05
C 8 YES 1.705E+06 | 5.039E+05

Table 5: Concrete and excavation volume for the fitting dams for the chosen locations.

1.8E+06

H Concrete (dam) volume

1.6E+06

M Excavation volume

1.4E+06

1.2E+06

1.0E+06

8.0E+05

Volume (m?)

6.0E+05

4.0E+05

2.0E+05

0.0E+00

Location C

Location A Location B

Figure 84: Concrete and excavation volume for the fitting dams for the chosen locations.

In the Engineer Manual [1] it is pointed out that it is important to design a dam as symmetrical as
possible, because it helpsto use the least concrete volume and to have stresses distributed as uniformly
as possible. However, at this stage of the design the stress levels cannot be evaluated properly due to
the stress singularities as shown in Section 6.4.
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6.7. Final results
Location B is reshapedtill the optimal daminterms of stress levelsis obtained. The same dam mesh size
(10 m) is used as for the preliminary design stage.

The material properties for concrete are modified to use more reasonable values. As mentioned in
Section 5.4 a normal range for concrete strength can be between 15 and 40 MPa and as a result the
concrete class C 30/37 is used. The material properties for the rock remain the same. Their details are
shown in Table 6.

The interface properties are computed based on Section 5.2.

K, = 1000% = 1000% =3200GPa

Iel

K, = K _ 320GPa
10

t

E (GPa) | f. (MPa) v p (kg/m?3)

Rock 18.0 - 0.27 0
Concrete 32.0 30 0.20 2400
(C30/37)

K. (GPa) | K; (GPa)
Interface 3200 320

Table 6: Final material properties.

The preliminary variables remain constant, while the final variables, which are described in Sections
5.1.1, 5.1.2 and 5.1.3, are modified till the best solution is found. The final variables are increased
progressively adding each time asmall amount of concrete. In this way, the optimal solution will satisfy
the stress and geometric constraints at the same time.

More than sixty different combinations were tested to obtain the optimal final dam for Location B. Four
characteristiciterations are visualized so the process can be described. Iteration 0 [Section 6.7.1] shows
theresults of the initial model, Iterations 1and 2 [Sections 6.7.2, 6.7.3] display two intermediate models
and Iteration 3 [Section 6.7.4] shows the final model which is concluded to be the optimal solution.

In Table 7 the essential information regarding the final variables, the respective volumes and the
maximum tensile/compressive stresses are given. The areas with stress singularities which are located
on the dam-rock interface are neglected.

In Sections 6.7.1, 6.7.2, 6.7.3 and 6.7.4 the respective results are shown. Regarding the figures for the
principal stresses, the key point stresses are pointed out with the respective color from Figure 58. The
red and greencircles refer to the upstream and downstream tensile areas respectively. Note that, the
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green areas were chosen to be wider in these figures below in order to show the areas that are
redefined by the side parabolas.

In addition, the relative interface displacements DUNz are visualized, so openings of the interface
elements can be located. It is obvious that there are no openings between the dam cantilevers as a
staticanalysisis performed and they can only openina dynamicanalysis. As expected, the openings are
located on the dam-rock interfaces around the base, as this area contains the highest tensile stresses.

The figures regarding the interface tractions show the areas of the tensile and compressive stresses. In
this way, the dam locations that require more concrete volume are detected and help the designer to
choose more efficient variables, leading to the final dam shape faster.

Note that, the principal compressive stresses are of secondary importance as they usually satisfy the
respective constraint, which is based on the concrete strength class divided by a safety factor.

Finally, for each iteration the biaxial failure envelope for the upstream and downstream face are
plotted. Only the usual staticload case is taken into account and the safety factors are found by using a
constant concrete strength of 30 MPa. The safety factor must be larger than one so it can be accepted.
Otherwise the dam must be strengthened by using a higher concrete class. The red color represents the
areas where the stress constraints are satisfied while the blue color shows the critical areas that have to
be reshaped further. However, this process is out of the context of this master project.
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Location B

Iteration O | Iteration 1 | Iteration 2 | Iteration 3

Side parabolas

control_angle (-) - 0.667 0.667 0.667
control_crest (-) - 0.875 0.875 0.750
control_050H (-) - 0.750 0.625 0.500
control_base (-) - 0.625 0.500 0.500
Crown cantilever section

cc_down_tol_crest (m) - 0 3 4
cc_down_tol_045H (m) - 3 5 6
cc_down_tol_base (m) - 10 20 30

Line of main centers

center_tol_z_crest (m) - 0 -5
center_tol z 025H (m) - -5 -15
center_tol z 050H (m) - -5 -5 -25
center_tol z 075H (m) - -5 -15 -35
center_tol_z base (m) - -10 -25 -45
Volumes

V_conc (m?3) 1.173E+06 1.365E+06 1.564E+06 1.806E+06
V_exc (m?) 2.590E+05 3.430E+05 4.191E+05 5.892E+05
Tensile stresses (Allowable tensile stress: 1.000E+06)

U/S max (N/mz) 1.861E+06 1.541E+06 1.107E+06 9.227E+05
D/S max (N/m?) 3.517E+06 2.447E+06 1.695E+06 8.778E+05
Compressive stresses (Allowable compressive stress: concrete strength class)
U/S-D/S min (N/m?) -23.710E+06 | -21.040E+06 | -19.870E06 | -14.320E+06

Table 7: Final results for the characteristic iterations.
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6.7.1.

Iteration 0

(N/mA2)
max:1.861e+06

TDtXYZ

(m)

0.104
0.091
0.078
0.065
0.053
0.040
0.027
0.015
0.002

Figure 85: Iteration 0-Displacement field DtXYZ (3D view).

(N/mA2)
max:1.861e+06

(N/mA2)

7.5500+06
3.6426+06

-2.657e+05
-4.174e+06
-8.0826+06
-1.199e+07
-1.590e+07
-1.981e+07
-2.371e+07|

Figure 86: Iteration 0-In plane principal stresses (Upstream view).
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-2.371e+07

Figure 87: Iteration 0-In plane principal stresses (Downstream view).

DUNz
(m)

2.212e-04

- 1.926e-04

1.640e-04
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. 2.085e-05
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Figure 88: Iteration 0-Interface relative displacements DUNz (3D view).

STNz
(N/mA2)

7.079e+06

0.000e+00

-2.486e+07

Figure 89: Iteration O-Interface tractions STNz (3D view).
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FSstus
12,752

Figure 91: Iteration 0-Biaxial failure envelope-Static usual (FSstus) (Downstream view).
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6.7.2. Iteration1

Figure 92: Iteration 1-Displacement field DtXYZ (3D view).

(N/mA2)
max:1.514e+06
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(N/mA2)
max:1.514e+06

Figure 93: Iteration 1-In plane principal stresses (Upstream view).
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l -1.778e+07
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Figure 94: Iteration 1-In plane principal stresses (Downstream view).
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Figure 95: Iteration 1-Interface relative displacements DUNz (3D view).
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Figure 96: Iteration 1-Interface tractions STNz (3D view).
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Figure 97: Iteration 1-Biaxial failure envelope-Static usual (FSstus) (Upstream view).

Figure 98: Iteration 1-Biaxial failure envelope-Static usual (FSstus) (Downstream view).
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6.7.3. Iteration 2

Figure 99: Iteration 2-Displacement field DtXYZ (3D view).
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l 5.636e+05
-2.355e+06

-5.274e+06
-8.193e+06
-1.111e+07
-1.403e+07
-1.695e+07
-1.987e+07
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Figure 100: Iteration 2-In plane principal stresses (Upstream view).
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Figure 101: Iteration 2-In plane principal stresses (Downstream view).
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Figure 102: Iteration 2-Interface relative displacements DUNz (3D view).

V
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Figure 103: Iteration 2-Interface tractions STNz (3D view).
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Figure 104: Iteration 2-Biaxial failure envelope-Static usual (FSstus) (Upstream view).

Figure 105: Iteration 2-Biaxial failure envelope-Static usual (FSstus) (Downstream view).
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6.7 4.

Iteration 3

Figure 106: Iteration 3-Displacement field DtXYZ (3D view).
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max:9.227e+05
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Figure 107: Iteration 3-In plane principal stresses (Upstream view).
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Figure 108: Iteration 2-In plane principal stresses (Downstream view).
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Figure 110: Iteration 3-Interface tractions STNz (3D view).
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Figure 112: Iteration 3- Biaxial failure envelope-Static usual (FSstus) (Downstream view).
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7. Discussion of research questions
As the script is developed and the entire process is validated, the secondary research questions from

Section 1.2 can be discussed in detail.

7.1. Comparison of the theoretical with the numerical volume

Using the best alternative, Location B, the theoretical concrete (dam) volume is computed, based on
equation 4.1, and compared to the respective numerical concrete (dam) volume from the preliminary

design stage. The final design stage is not used as no relative information is contained in the Engineer

Manual [1].

Furthermore, the excavation volume is not taken into account as the USBR method does not include it.

Table 8: Location B, theoretical vs numerical concrete volume.

Location B
axis equal
angle ar?gles Viheor Voum
. . (m3) (m3)
(") B (")
40 NO | 2.872E+06 | 1.275E+06
38 NO | 2.761E+06 | 1.192E+06
36 NO | 2.740E+06 | 1.163E+06
34 2.773E+06 | 1.155E+06
32 2.815E+06 | 1.152E+06
30 2.862E+06 | 1.152E+06
28 2.914E+06 | 1.155E+06
26 2.985E+06 | 1.165E+06
24 YES | 3.057E+06 | 1.173E+06
22 YES | 3.124E+06 | 1.181E+06
20 YES | 3.162E+06 | 1.192E+06
18 YES | 3.205E+06 | 1.207E+06
16 YES | 3.257E+06 | 1.224E+06
14 YES | 3.307E+06 | 1.244E+06
12 3.320E+06 | 1.264E+06
10 3.291E+06 | 1.283E+06
8 3.297E+06 | 1.310E+06
6 3.316E+06 | 1.340E+06
4 3.315E+06 | 1.368E+06
2 3.339E+06 | 1.391E+06
0 3.406E+06 | 1.421E+06
2 3.471E+06 | 1.453E+06
4 3.523E+06 | 1.469E+06 Brys > 30°
6 3.504E+06 | 1.465E+06 and Brus = Pras
8 NO | 3.550E+06 | 1.468E+06 Prus > 30°
-10 NO | 3.532E+06 | 1.455E+06 | |NO FALSE FALSE
12 NO | 3.503E+06 | 1.440E+06 TRUE FALSE
14 NO | 3.482E+06 | 1.429E+06 | |VES TRUE TRUE
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Figure 113: Location B, theoretical vs numerical concrete volume.

It is obvious that, the deviations between the two volumes are quite large. The theoretical volume is
around three times larger than the numerical volume for all the different axis angles [ Table 8, Figure
113]. The questionthatarrivesis how these large differences can be justified. For this reason, the basic
assumptions from Section 1.4are used, as the proposed methodis notidentical to the USBR method [1].

First, the assumption of the uniform excavation length is very conservative for the theoretical volume as
the same amount of rock is excavated at every elevation. This is not very realistic for the USBR method

and in this way more volume is added from the variables L, and L, in equation 4.1.

One more importantfactor is that, the USBR method does not take into account a base length but only
one point, which is the lowest crown cantilever point. On the other hand, the proposed method
computes the optimal base length based on the neighboring valley so the least concrete is added.
Consequently, the amount of the base length of the theoretical volume cannot be controlled by
changing the base length.

The two volumes are obtained by different dam geometries, the theoretical and the numerical volumes
use circularand parabolicequations respectively. Consequently, if the same variables are used for both
of the volumes two different dams are going to be generated.

The empirical formula, equation 4.1, is just an initial judgement that helps the designer to choose a
proper location so he/she can start the layout of the dam. Furthermore, the modifications during the
dam layoutare not takeninto account, like reshaping the arches due to potential gaps. As a result, itis
not that accurate as the numerical volume which gives the concrete volume for the best fitting damin
terms of geometric constraints based on the given variables.
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7.2. The influence of the excavation length
For the best alternative, Location B, the influence of the excavation length on the generation of the dam
is investigated, focusing on the preliminary parameters.

The excavation length is a first guess to simulate a reasonable amount of overburden so a dam is
generated. The designer must choose this value based on borings or sound judgment [1]. In the upper
sections this variable is assumed to be fixed and equal to 30 m.

In this section the relation of the excavation length with the concrete and excavation volume is
investigated soitcan be concludedif there is an optimal length that can be used. Consequently, the best
alternative fromthe preliminary design stage is used, Location B, and the value of the excavation length
is changed from 20 m to 120 m [Table 9]. Regarding the minimum excavation length, its value remains
constant and equals to 10 m.

Looking at the empirical equations4.5and 4.6, the excavation length is fully correlated to the crest and
base thickness. Forthisreason, theirrelationis expectedto be linearand thisisverified in Figure 115. In
addition, the change of the base thickness is larger compared to the crest thickness and this is
completely in agreement due to the formation of the empirical formulas.

Regarding the concrete and excavation volume, again alinear relation is expected as more volume due
to theincrease of the excavationlength isadded. In other words, the borders of the dam are extended
whenthe excavation lengthislargerandvice versa, while at the same time the shape of the foundation
area remains the same as the other variables are constant [Figure 114].

Furthermore, in Figure 114 the slope of the lines of the dam and excavation volume are very similar. This
is because; the minimum excavation length is constant and only the value of the excavation length
changes. Consequently, the main factor that adds volume on the dam and thickens the foundation area
is only the excavation length.

111



DESIGN OF DOUBLE-CURVATUREARCH DAMS IN TERMS OF GEOMETRIC AND STRESS CONSTRAINTS BY USING SCRIPT-BASED
FINITE ELEMENT MODELLING

Location B
excavation crest base

. : Veone Vexe

length thickness | thickness 3 3

(m7) (m°)

(m) (m) (m)

20 6.75 21.94 1.106E+06 | 2.473E+05
25 6.87 22.68 1.137E+06 | 2.504E+05
30 6.98 23.40 1.173E+06 | 2.591E+05
35 7.10 24.11 1.209E+06 | 2.677E+05
40 7.21 24.80 1.248E+06 | 2.805E+05
45 7.33 25.47 1.290E+06 | 2.959E+05
50 7.45 26.12 1.332E+06 | 3.112E+05
55 7.56 26.75 1.372E+06 | 3.264E+05
60 7.68 27.38 1.413E+06 | 3.413E+05
65 7.79 27.99 1.454E+06 | 3.564E+05
70 7.91 28.60 1.501E+06 | 3.774E+05
75 8.02 29.19 1.549E+06 | 3.999E+05
80 8.14 29.78 1.598E+06 | 4.230E+05
85 8.25 30.37 1.650E+06 | 4.489E+05
90 8.37 30.95 1.702E+06 | 4.749E+05
95 8.49 31.53 1.755E+06 | 5.018E+05
100 8.60 32.10 1.809E+06 | 5.294E+05
105 8.72 32.67 1.864E+06 | 5.584E+05
110 8.84 33.22 1.920E+06 | 5.875E+05
115 8.96 33.78 1.978E+06 | 6.191E+05
120 9.08 34.34 2.038E+06 | 6.514E+05
125 9.20 34.89 2.099E+06 | 6.842E+05
130 9.32 35.43 2.160E+06 | 7.174E+05
135 9.44 35.98 2.223E+06 | 7.525E+05
140 9.57 36.51 2.289E+06 | 7.908E+05

Table 9: Location B, the influence of the excavation length.
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Figure 114: Location B, excavation length vs concrete and excavation volume.
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Figure 115: Location B, excavation length vs crest and base thickness.
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7.3. The influence of the shape of the foundation area
In thissectionitisinvestigated how the shape of the foundation area influences the principal stresses.

As described before the final foundation area consists of the main upstream and side downstream
endpoints, which should satisfy the criteria from Section 4.9. Its shape is very complex and it is
dependent on many differentfactors. Forthisreasonit cannot be treated as one-dimensional problem.

The main factors that influence the shape of the foundation area are the following.

e The basicvariables, which determine the boundaries of the foundation area [Section 4.4].

e The variables of the side parabolas, which change the location of the downstream endpoints by
adding more concrete in the abutment [Section 5.1.1].

e The variables of the redefined crown cantilever section, which affect both the upstream and
downstream endpoints by thickening the dam along the height [Section 5.1.2].

e The variables of the redefined line of main centers, which influence the entire geometry of the
foundationareaaswell. Itis mentioned that sharper parabolas add volume and vice versa [Section
5.1.3].

It can be concluded thatthe shape of the foundation area can effectively influence the dam volume in
accordance with the principal stresses but the proper combination of more than fifteen different
variables should be found. This is not an easy process at all, especially when it is performed using a

III

“manual” optimization [Section 5.4]. Changing only one variable orsome of them the foundation area is

indeed changed but the respective principal stresses may not be changed accordingly.

Hence, the following process is recommended based on the influence level of the variables and the
proposed design stages. First the basic variables should be defined to obtain the best alternative from
the preliminary design stage.

Afterwards, the tensile stresses from the downstream stress key points should be eliminated [ Figure 58,
red circle] as this area contains the most critical tensile stresses. For this reason the crown cantilever
sectionandthe line of main centers should be simultaneously redefined tillthe allowable stress level is
reached (1 MPa).

Finally, the tensile stresses fromthe upstream stress key points should be eliminated [ Figure 58, green
circles] by addingthe side parabolas until the allowable stress level is reached (1 MPa). In this way, the
shape of the foundation area is changed progressively till all the constraints are satisfied. Note that,
many combinations should be checked to obtain the most efficient dam and consequently the best
shape for the foundation area.

114



DESIGN OF DOUBLE-CURVATUREARCH DAMS IN TERMS OF GEOMETRIC AND STRESS CONSTRAINTS BY USING SCRIPT-BASED
FINITE ELEMENT MODELLING

8. Conclusions

The main goal of this master project was achieved by creating a process based on Python scripting and
Finite Element Software DIANA. Through this process the model of a double-curvature arch dam is
automatically generated, taking into account the essential geometric and stress constraints.

Through the developed process any location around the world can be usedto designa double -curvature
arch dam as long as the canyon profile and the foundation characteristics are appropriate. The
topographic data must be given in a text file which contains the essential coordinates.

Using the developed script the modelling effort is drastically reduced, because only topographic data
and a small number of basic parameters, like dam height, base elevation etc., are required.

A large variety of double-curvature arch dams can be generated by only changing the values of the basic
parametersinthe developed script. The designer should choose these values appropriately, or else an
unrealistic dam can be generated.

Even with a fine mesh, some thousands of elements, the preliminary (linear static) and the final
(nonlinear static) analysis require around five and ten minutes respectively. In this way, more dam
models can be analyzed and evaluated in less time.

Usinginterface elements the designer can easily detect the critical dam areas. This does not only re sult
in a faster optimization process but to a more economical dam as concrete is added locally.

The developed process and the empirical method, described in the Engineer Manual [1], follow the
same guidelines, butthey are notidentical. The main difference is that different equations are used to
describe the dam geometry.
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9. Recommendations

Parabolicequations were used to describe the main parts of the dam geometry assuming that this is the
most widely accepted solution. Further research should be done by using even higher order equations
aiming to minimize the concrete volume by applying different dam geometries.

Bezier Surfaces were used in Diana Interactive Environment (DianalE) to generate the dam model. As
described before, itis apowerful but very sensitive tool. If the grid of the used pointsisirregular thenan
abnormal surface is generated and this is not allowed. For this reason, the relation between Bezier
Surfaces and the used points should be investigated in depth, aiming to eliminate possible distance
errors.

The load combination that was used for this master project should be improved, as only the self-weight
and the hydrostatic pressure on the dam are taken into account. The script should be modified taking
intoaccount the temperature load on the dam and the hydrostatic pressure on the upstream rock at the
same time. In this way a more realistic dam design can be obtained.

Non-linear staticanalyses were performed to demonstrate how the script code works. However, this is
not efficient in practice. The script should be modified to take into account phased analyses in
combination with non-linear dynamic analyses. In this way, the essential construction stages can be
takeninto account and seismicexcitation is applied for the final analyses, which isthe mostcritical load.

III

In the final design stage a “manua
modified progressively till the geometric and stress constraints are satisfied. In this way, a valid dam
modelis obtained butitis not certainif this model is the optimal one at the same time. For this reason,
itisrecommendedthe use of automated optimization techniques, like Probabilistic Analysis or neural
networks, to find the optimal solution.

optimization technique was suggested wherethe final variables are

The script can be used for topographies where real dams are constructed. In this way, the generated
dams can be directly compared to real dams and the efficiency of the method can be validated.
Afterwards, the script should be modified by changing the used assumptions to approximate an even
more realistic dam design.

To minimize the volume of the final dam more variables can be used for the side parabolas, the
redefined crown cantileversection and the redefined line of main centers. In this way, the locations that
have to be reshaped can be changed more efficiently adding volume only on the affected areas. Note
that, increasing the number of the final variables the computational cost of the design process will
increase accordingly.
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Appendix 1: Preliminary results
e Location A-Mesh 21
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Figure 116: Location A-Mesh 21-Mode 1-Eigen value 1.7373 (3D view).
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Figure 117: Location A-Mesh 21-Mode 2-Eigen value 1.9840 (3D view).
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Figure 118: Location A-Mesh 21-Mode 3-Eigen value 2.8802 (3D view).
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Figure 119: Location A-Mesh 21-Displacement field DtXYZ (3D view).
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Figure 120: Location A-Mesh 21-In plane principal stresses (Upstream view).
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Figure 121: Location A-Mesh 21-In plane principal stresses (Downstream view).
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Figure 122: Location A-Mesh 5-Mode 1-Eigen value 1.6021 (3D view).

Figure 123: Location A-Mesh 5-Mode 2-Eigen value 1.9168 (3D view).
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Figure 124: Location A-Mesh 5-Mode 3-Eigen value 2.5866 (3D view).
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Figure 125: Location A-Mesh 5-Displacement field DtXYZ (3D view).
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Figure 126: Location A-Mesh 5-In plane principal stresses (Upstream view).
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Figure 127: Location A-Mesh 5-In plane principal stresses (Downstream view).
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Figure 128: Location B-Mesh 21-Mode 1-Eigen value 1.9110 (3D view).

Figure 130: Location B-Mesh 21-Mode 3-Eigen value 3.0665 (3D view).
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Figure 131: Location B-Mesh 21-Displacement field DtXYZ (3D view).
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Figure 133: Location B-Mesh 21-In plane principal stresses (Downstream view).
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Figure 136: Location B-Mesh 5-Mode 3-Eigen value 2.7986 (3D view).
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Figure 137: Location B-Mesh 5-Displacement field DtXYZ (3D view).
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Figure 138: Location B-Mesh 5-In plane principal stresses (Upstream view).
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Figure 139: Location B-Mesh 5-In plane principal stresses (Downstream view).
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Figure 140: Location C-Mesh 21-Mode 1-Eigen value 1.5742 (3D view).
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Figure 142: Location C-Mesh 21-Mode 3-Eigen value 2.3652 (3D view).
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Figure 143: Location C-Mesh 21-Displacement field DtXYZ (3D view).
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Figure 144: Location C-Mesh 21-In plane principal stresses (Upstream view).
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Figure 145: Location C-Mesh 21-In plane principal stresses (Downstream view).
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Figure 146: Location C-Mesh 5-Mode 1-Eigen value 1.4745 (3D view).
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Figure 147: Location C-Mesh 5-Mode 2-Eigen value 1.7045 (3D view).
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Figure 148: Location C-Mesh 5-Mode 3-Eigen value 2.2051 (3D view).
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Figure 149: Location C-Mesh 5-Displacement field DtXYZ (3D view).
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Figure 150: Location C-Mesh 5-In plane principal stresses (Upstream view).
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Figure 151: Location C-Mesh 5-In plane principal stresses (Downstream view).
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