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Historical moments from Civil Engineering technical
education in Moldova

Midle Age and the beginning of Modern Age
“Schola latind” (Latin School) from Cotnari (1562-1563) (during the ruling of the voivode
Eraclide “the Despot”).
- Superior College (also named “Vasilian Collage” or “Vasilian Academy” after the voivode
Vasile Lupu) from the Trei lerarhi Monastery in lasi (1634-1653).
- “Scoala Domneasca” (Royal or Voivodal School) from lasi (1714).

e XIX"™ Century

- “Scoala de ingineri hotarnici” (School of Land Surveyors) in Romanian language from lasi
(1813-1820) created by Gheorghe Asachi. This is the first testimony of engineering
technical education in Romanian language in lasi.

- “Academia Mihaileana” (“Mihailean Academy”, after the voivode Mihail Sturdza) from lasi
(1834-1848). Through the Mihailean Academy, durable foundations for Romanian
Higher education were laid.

- Mihail Kogalniceanu (politician, historian, writer and journalist) makes the project for
organizing in lasi an “Applicative School for Roads, Bridges and Buildings” (,Scoala de
aplicatie pentru drumuri, poduri si zidiri”). This is the first project of a polytechnic school
in Romania (1850).

e XX™ Century

- Inside the University of lasi, the next Applied Sciences sections are created:
Electrotechnic, Industrial Chemistry, and Agricultural Chemestry (1912).

- The ,Gheorghe Asachi” Polytechnical School from lasi (1937) containing the next
Faculties: Electrotechnic, Industrial Chemistry, and Agriculture is formed.

- The Faculty of Civil Engineering is established (1941).

- The Polytechnical School from lasi is divided in 1948 into:
- ,lon lonescu de la Brad” Agronomical Institute from lasi;
- ,Gheorghe Asachi” Polytechnical Institute of lasi, with the Faculties: Industrial

Chemistry, Civil Engineering, Electromechanics and Mechanics.

Establishment of the Faculty of Civil Engineering of lagi

Based on the Decree-Law no. 989 from November 13, 1941, published in ,, The Official
Monitor” no. 270, at the ,,Gh. Asachi” Polytechnical School from lasi the Faculty of Civil
Engineering is established.

In ,The Official Monitor”, part |, no. 118 from May 23, 1942, the Faculty of Civil
Engineering of lasi’s structural organization is published. The general specialization is that of
Civil Engineer and the Faculty had the next positions: six Professors and six Associate
Professors for general subjects, four Professors for specialty subjects (Bridges | — wood and
masonry, Bridges Il — metallic constructions, Railways, Roads) and five Associate
Professors for specialty subjects (Drawing for Civil Engineering; Topography, Geodesy and
Land Survey; Construction Materials’ Technology; Architecture; Navigations and Land
Reclamation). During the next years, other subjects have been added: Civil Engineering
Constructions, Geotechnics, Reinforced Concrete, Foundations, and Urbanism. Under this
organizational structure, the Faculty acted until the education reform in 1948.
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Professor Anton $esan (1916-1969)

Professor Anton $esan was born on December
26, 1916, in Carapciu — Storojinet, a village in Hotin
County (now in Republic of Moldova), from a family of
intellectuals. He followed the high school in Radauti
and then the Polytechnic School from Bucharest.

In 1940 he obtains the Civil Engineer diploma
and, in a short time, he became the manager of a
construction company. In 1943 he takes the Assistant
Professor position in Strength of Materials at the "Gh.
Asachi" Polytechnic Institute of lasi. In 1945 he B8
becomes Associate Professor in Civil Engineering ANTON SESAN
and, in 1948, Deputy Professor in Structural Statics. In 1916 - 1969
1951 he is promoted to full Professor in Structural Statics. In his activity he also
taught Structural Dynamics and Structural Design in Plastic Domain.

He was the head of the Structural Statics and Strength of Materials
Department, Vice-Dean, Vice-Rector and Ph.D. adviser. Also, he has been the
manager of the Constructions Researches Institute (INCERC) lasi Branch from
1957 (when this branch have been established) until the end of his life.

Anton Sesan was a great Professor, a real promoter of science and
researches, a developer of new fields and techniques in Civil Engineering. He
created strong bases for the future of the Faculty of Civil Engineering of lasi, and
many generations of students, researchers and faculties were powerfully
influenced by him.

He introduces the new, at that time, notion of factorial moments and a
version of Displacement Method, the Active Moments Method. He generalizes the
Moments Distribution Method in the plastic domain and was a pioneer in
mathematical modeling and in computerized structural design. Professor Sesan
was a forerunner in the use of probabilistic approach for building safety.

The most important realizations of Professor Anton Sesan are linked with
antiseismic protection of Civil Engineering structures. He proposed Earthquake
Engineering as a topic for students. The theoretical studies he conducted were
doubled by experimental researches. Together with a team of faculties and
researchers from INCERC he realized three shaking tables (600 KN, 150 KN and 5
KN) that made lasi the most important research center in Romania and one of the
most important in Eastern Europe.

Professor Anton Sesan published more than 140 scientific papers.

Department of Structural Mechanics,

Faculty of Civil Engineering of lasi
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Professor Alexandru Negoita (1916-1998)

Part of the elite of Romanian technical higher
education, Professor Alexandru Negoitd was a model
for many generations of students. He initiated many
fundamental and applied sciences research directions.

He was born in Ciurea, a village in lasi County
on June 19, 1916. In 1934 he graduates the National
High School from lasi and in 1940 he graduates the
Faculty of Civil Engineering from the Polytechnic
University of Bucharest.

For 12 years he worked for very important
building and design companies. Then, for 26 years, he
worked in research field, being at one moment the
general manager of the Civil Engineering Research Institute.

ALEXANDRU NEGOITA
1916 - 1998

From 1952, Alexandru Negoitd becomes Associate Professor and from
1961 Professor in the staff of the Faculty of Civil Engineering from Cluj-Napoca.
For a period of time he had been the Dean of that Faculty. From 1971 he moves to
lasi, as a Professor at the Faculty of Civil Engineering lasi. A member of the
Structural Mechanics Department, Professor Negoita was elected, between 1971
and 1982, the head of department.

Professor Alexandru Negoitd taught subjects as: Civil and Industrial
Buildings; Strength of Materials; Earthquake Engineering, History of Techniques in
Constructions; Theory of Structures. After the 1977 earthquake he convinced the
authorities to allow the initiation of Earthquake Engineering as a topic for students
in Civil Engineering. He also taught Earthquake Engineering for two years at the
Faculty of Civil Engineering from Oran in Algeria.

He published more than 300 scientific papers and participated to more
than 200 research projects in Romania and outside. One of his books,
“Applications of Earthquake Engineering” was awarded the “Anghel Saligny” prize
from the Romanian Academy.

He organized and participated to many scientific meetings were he
received high appreciations. Alexandru Negoitd was a member of many national
and international professional associations. He was the Ph.D. adviser for more
than 65 graduate students and was a member of the Romanian Ministry of
Education commission for titles and diplomas awards.

In 1997, Professor Alexandru Negoita receives the title of Doctor Honoris
Causa from the Technical University of Cluj-Napoca.

Professor Lucian Strat
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Some aspects of the contribution of Professor Anton Sesan to
Romanian construction school

Florin Macavei

Department of Structural Mechanics, Technical University of Civil Engineering of Bucharest,
Romania

Summary

Some aspects of the Professor Anton Sesan’s contribution to Romanian
construction school are presented.

After a short description of the factorial moments operators, the factorial
determinants are presented as operators for solving the plane and space framed
contours as well as the plane and space framed structures. The connection with
frontal method for finite element analysis is pointed out.

Some aspects concerning the seismic station are presented.

KEYWORDS: factorial moments, factorial determinants operators, frontal method.

1. INTRODUCTION

Professor Anton Sesan was a great personality. He created a valuable school of
Statics of Structures, Strength of Materials, Dynamics of Structures and Earthquake
Engineering.

Professor Anton Sesan pointed out the importance of the theoretical research in
connection with the experimental investigations.

2. THE STRUCTURE AS A WHOLE

As a member of the Statics and Strength of Materials Department whose head was
Professor Anton Sesan, I learned that any structure must be considered as a whole.
The extraction of a joint (Figure 1) in order to be investigated experimentally in
detail is incorrect. The behavior of the extracted joint is different from the behavior
of the same joint of the structure. The results are falsified.

The same rule he applied to people. Anybody has to be considered as a whole. It is
wrong to consider only one or some aspects.
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Figure 1. Extraction of a joint

3. FACTORIAL MOMENTS OPERATORS

Professor Anton Sesan introduced the factorial moments operators. He expressed
the differential relations among the flexural functions in a generalized form
(discontinuities, any loads, variable inertia moment etc). Expressing the external
actions as factorial moments of suitable order it can be written the expression of
any flexural function as a sum of factorial moments of the corresponding order.

Sesan A. and Ciongradi L. [3] generalized the factorial moments for Dynamics of
beams with distributed mass.

4. FACTORIAL DETERMINANTS
The factorial determinant operator was conceived in 1967. It was presented in 1967
and 1968 at Scientific Seminary of Statics and Strength of Materials Department.

It was published by Anton Sesan, Adrian Vulpe and Florin Macavei in 1969, [4]
and 1971 [5].

This type of determinant applies to rectangular matrices. Examples :
e arow determinant is equal to the sum of the elements

e a column determinant is equal to the product of the elements divided
by the factorial of the number of elements

e a determinant with two columns and “n” identical rows is equal to
Newton’s binomial divided by n! (Figure 2,a)
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For a space contour, the elements of the factorial determinant are (3x3)

submatrices.
a b
a b
a a'b a’b* a*b> abt b’
a b=— + + + +—
51 4110 3120 2131 114! 5!
a b
a b
a) The connection with binomial formula
2
X3 A1 A2
! X4
X5 A3 A4
: X6
X1 Ag A6
177777 7777 1977997 77777 179977

b) The successive elimination of the structure portions

Figure 2. Factorial determinants

A plane or a space structure is solved by successive elimination of the structure
portions. These portions are contours (Figure 2,b).

The writing and the solving of the system of equations is made interwined. The
unknows are eliminated successively, each X, being expressed in terms of

unknowns X ; (j > 1), by putting conditions of continuity at 4, .

Actually, the force method is used.
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b) The elimination of the second element

Figure 3. The frontal method
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5. THE FRONTAL METHOD

In frontal method [1], the displacement method is used, namely the finite element
analysis. The writing and the solving of the system of equations is made
intertwined. In each step are generated only the equations necessary in that step
(Figure 3).

For a certain numbering of the elements, the first substructure contains only the
first element, the second substructure contains the first two elements, but with
internal joints incident only to the second element, [2], and so on.

The numbering of the elements is important.

6. THE SEISMIC STATION

Since 1966 I lived in the house of Gheorghe Asachi Street, at number 7. From the
window of my room I could see the Seismic Station. It was a great opportunity.

This seismic station is the first in Romania and in this part of Europe.
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Summary

In Civil Engineering, computers are becoming from major tools to vital tools. The
international symposium ““Computational Civil Engineering” held every year in
lasi, Romania is proving the above statement. The multitude and diversity of
themes, methodologies and applications show that this symposium is a result of a
necessity and of a practical approach in Civil Engineering.

Through the gathering of researchers’ achievements and points of view,
Computational Civil Engineering symposium is a real platform for scientific
expression and it is helping people involved in Civil Engineering field in obtaining
news and knowledge.

At the same time the organizers of Computational Civil Engineering 2006 are very
proud of the large participation number and also of the high quality of science and
technology reflected in the papers of proceedings.

Computational Civil Engineering 2006 was also an opportunity for remembering
some great Professors from the Faculty of Civil Engineering of lasi and also to
celebrate the 65th anniversary from the establishment of higher education in
construction field in Moldova.

KEYWORDS: civil engineering, computer aided design, computer aided
engineering, computer programming, computer-based education, computational
methods, databases, computer aided management.

1. INTRODUCTION

The use of computer in Civil Engineering is becoming more and more a vital
fact. It is almost unconceivable to obtain efficiency and fast results in research,
design, realization and maintenance in Civil Engineering domain without the
use of computers and computer applications (software).

In turn, the increasing dependency on computers is generating concerns about
the reliability of all involved factors (power supply, computer security,
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communications means, software accuracy, training and responsibility of users
etc.).

The above two statements together with similar approaches from other
engineering domains have generated the need of a new terminology that took
form as Computational Civil Engineering [1], shortened as CCE. Historians of
Civil Engineering might get countless proves of early forerunner in this field
and they will be of a real help in showing interesting, exotic, unknown, etc.
professional facts and people that put the basics of the named field.

Therefore, a group of three enthusiasts from Romania and Spain decided to
organize a small symposium [1] that latter repeated [2-4] and may become a
tradition that is a platform for impressive researches and a chance for
researchers to integrate more in the scientific Civil Engineering community.
Books and CDs with the proceedings have been issued, see Figure 1.

Figure 1. Proceedings of Computational Civil Engineering International Symposiums
(covers of books and CDs)

A synthetic statistics of the participations to the Computational Civil
Engineering symposium is shown in Table 1.

From the gained experience, the organizers of Computational Civil Engineering
international symposiums have detected some general important themes of the
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field: Computer Aided Design and Engineering, Computer Programming for
Civil Engineering, Computer-Based Education, Computational Methods in
Civil Engineering, Databases in Civil Engineering, and Computer Aided
Management in Civil Engineering. Other directions could be identified, too. For
the moment the papers were not classified conforming to the themes, but it
might be useful in the future.

Table 1. Evolution of participation at CCE Symposiums

No of No of No of No of

authors countries papers pages
CCE 2003 38 3 28 239
CCE 2004 42 5 28 266
CCE 2005 40 2 29 297
CCE 2006 84 5 57 539

Computational Civil Engineering 2006 was also an opportunity for
remembering some great Professors from Faculty of Civil Engineering of Iasi,
Figure 2, and also to celebrate the 65th anniversary from the establishment of
higher education in construction field in Moldova [5-9].

Figure 2. CCE2006. The two remembered Professors

At the same time it should be fair to stress the importance and support given by
the Faculty of Civil Engineering from the “Gh. Asachi” Technical University of
lasi, Romania [10], by the “Matei-Teiu Botez” Academic Society from lasi,
Romania and its publishing house [11] to the Computational Civil Engineering
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symposiums. Also, it might be of interest to show that many papers published
under CCE’s care are also published in the international, internet based,
scientific journal “Intersectii/Intersections” [12].

2. ACHIEVEMENTS AND PERFORMANCE IN COMPUTATIONAL
CIVIL ENGINEERING

In what follows, this paper tries to identify the achievements and performances
brought by the participants to the Computational Civil Engineering 2006 [1]
and to see also some perspective reflected in the published papers.

Mata, Barbat, and Oller [13] study the nonlinear dynamic response of civil
structures with energy dissipating devices. They employ the Simo-Vu Quoc
formulation for beams and rods capable of undergoing large strains and
displacements. The cross section of the beam is divided into an orthogonal
non—homogeneous grid of cells, the sectional forces are decomposed fiber by
fiber and the corrected sectional forces and moments are then obtained by
integration over the section area. Concrete’s behavior is simulated employing a
damage model based on the Kachanov theory for degrading materials, while the
energy dissipating devices are simulated using a rod element with only one
Gauss integration point. This model shows ability to predict the response of the
elastic rod even for large displacements and rotations. Nonlinear seismic
response of a planar frame was investigated and the effectiveness of the models
and devices is underlined.

The same authors are enlarging their above analysis and applications [14].
Disadvantages associated with the traditional precast concrete structures (as
low global structural damping coefficient, important P-A effects and non-
ductile connecting joints) are at the base of the study. Using the theory
developed in [13], a software tool has been created. The non-linear seismic
response of a 2D and of a 3D typical precast buildings with damping devices is
performed. Trials are leading to improved response and the corresponding
characteristics of passive devices.

Urban seismic risk evaluation is proposed from a holistic point of view by
Carrefio, Cardona and Barbat [15]. The proposed risk evaluation is performed
using a set of input descriptors (divided into social fragility descriptors and lack
of resilience descriptors). Total risk depends on the physical risk and impact
risk. Compared to previous works, the new model provides a more solid
theoretical and analytical support, preserves the use of indicators and fuzzy sets
or membership functions in a different way and facilitates the comparison of
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risk among cities. Seismic hazard and the physical exposure have been included
into the physical risk variables. Calculation of total risk was performed for
Bogota and Barcelona.

A very extensive study [16] is referring to modeling the damage response of
multi-storey reinforced concrete frames. The authors, Faleiro, Barbat and Oller,
start from the model of elastic beam-column with inelastic hinges at the ends.
Degradation of concrete is estimated through Continuum Damage Mechanics
and a proposed global damage index. Theoretical basics are explained at large.
Numerical implementation of the method is exposed. Examples of numerical
applications are also shown and very good precision of the model is confirmed.
Therefore the proposed method is an excellent tool for the seismic damage
evaluation, reliability, and safety assessment of exiting structures.

Brozovsky, Fojtik and Martinec [17] are studying the use of fluid combustion
ashes as additives and replacement of fine grained aggregate in concrete
resistant to aggressive media, chlorides and sulphates in particular. A 24
months period of monitoring of concrete samples under aggressive media has
been performed. Analysis of the composition and recipes with ashes weighting
0-50% as replacement of natural aggregates were investigated. It was found that
50% solution was suitable for resistance to aggressive media.

In [18], Brozovsky, Martinec and Brozovsky jr. are focused on long term
behavior of gypsumfree cements, a problem shown to be less systematically
investigated until this study. The investigations have been done on two types of
cements and monitoring the tensile bending strength, compression strength, and
the propagation rate of ultrasonic pulses at ages of 1, 2, 3, 7, 28 days and 1, 2,
3, years. Conclusions show clear behavior of the monitored parameters.

Optimization of self-compacting concrete is studied by Kratochvil and
Brozovsky in [19]. Experiments were carried out for verification of the
possibility of affecting the concrete mixture properties combination of different
types of fillers (ground granulated furnace slag, fly ash, ground limestone and
silica fume, stone powder). Best compounds are underlined for studied cases
while other tests are in the views of authors.

Minch and Trochanowski [20] present a Boundary Element Method model of
reinforced concrete plane stress plate formulated in terms of general functions,
expending a previous model referring to beams. After hypotheses, differential
equations for displacements, differential equations of visco-elastic plates, and
boundary elements method’s basics, the incremental approach is shown. A
general flowchart, the corresponding computer program and a numerical
example are also added, showing very good accuracy of the proposed method.
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The same team as before [21] analyzes cracked reinforced concrete structures
by using Finite Element Method. Non-linear behavior of concrete and steel is
reviewed. The proposed non-linear method is detailed. An analysis of a RC
panel element is performed and comparisons of different solutions are
underlined.

The very difficult problem of numerically modeling of masonry structures is
deal by Szotomicki in [22]. The study is unifying the equivalent elastic
properties, strength envelope and different failure patterns of masonry material.
A formulation of volume element is stated and the model for damage of joints
and bricks is presented. The finite element is implemented and a numerical
application is performed.

In [23], Boron is dealing with structural optimization as one of the main topics
for research in Civil Engineering. In the first part, as a show for the
technologies from 80’s, an example of scalar optimization for a water tank is
presented. Then, the paper is focusing on application of genetic algorithms
(micro-GA) on multi-criterion optimization techniques. A flowchart and an
application to a four bar plane truss are also shown. In conclusions the author is
stressing the challenging matter of optimization in the globalization era.

Proca [24] is presenting an initiative for creating a database for structural
design based on norms, codes and regulations in Romania. A first part shows
the logical chain of phases in structural design. Then, for a chosen standard, a
database for better application is implemented. Similar approach is intended for
other standards.

In [25], Rotberg is dealing with thermal design of composite multilayered
materials, particularly of the composite plates. Theoretical aspects about
thermal stresses are shown. Details on numerical calculations and results for a
laminate plate are revealed. A computer program was elaborated and used for
the performed analysis.

For post-elastic domain of structural computation, a generalization of moment
distribution method is proposed by Amariei and Filip [26]. Based on a previous
study started by regretted Prof. Sesan the generalization is performed. The
detailed developed algorithm and flowchart are presented. Computer program
calculations are suggested for future progress.

Campian and Pernes, [27], describe models using finite element method for
composite steel-concrete columns. Firstly, based on standardized procedures,
an experimental work was performed on 12 columns. Numerical models were
applied using DRAIN-2DX computer program. Very good agreements (less
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then 5%) between the two analyses were observed, commented and graphically
presented.

Because of the strong implications on mechanical properties and durability of
concrete, determination of temperatures in concrete during hydration is studied
by Zach, Kminova and Horky, [28]. Firstly, the time-history process of
hydration heat release is presented for an experimental case. Then the heat
transfer coefficient determination is theoretically demonstrated. Calculation of
temperature course in concrete structure during hydration for a model of tunnel
lining with wall thickness of 0.5 m is presented. The paper reveals that it is
possible to predict the temperature course in massive concrete during hydration.

In [29], Désa and Popa deal with high order Euler-Bernuolli beam elements (p-
version of Finite Element Method) for the stability and non-linear analysis of
frame structures. Formulation and equations used in beam elements together
with the tangent stiffness matrix are presented. Numerical analyses referring to
buckling, and to post-critical behavior of the Roorda L-frame are performed.
Conclusions stress that the numerical analyses on elements with polynomial
degree six eliminates the necessity of dividing the beams and lead to precision
of results.

Popa [30] is focusing on frame structures with non-prismatic beams.
Particularly, the flexibility coefficients calculation is on the views. The
equivalent beam notion is introduced and theoretical calculations are
performed. A numerical example with an “H” cross-section beam with a linear
longitudinal variation illustrates the procedure, shown to be simple and easy to

apply.

In [31], Kozlovska and Kozak deal with personal protection equipment problem
in construction industry. After a general view, the analysis is focused on the
large number of inputs (regulations; personal protection equipment; hazards;
operations; selection criteria) and on requirements or outputs (hazard analysis;
personal protection equipment character, type, application condition and list;
information on possible dangers, hazard re-evaluation). An algorithm and a
flowchart solving the requirements are shown. A time-saving software tool was
elaborated and an example of use is presented.

Computational model of time behavior for building processes is studied by
Baskova, [32]. A special attention is given to internal time structure of building
processes, usually ignored by classical network analysis from the management
system. Detailed computational models are presented and improvements
compared to classical applications are revealed.
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Strukova, [33], presents an internet based portal for health and safety
management on building site. The portal is designed to be a communication
channel, a working tool for managers and also a feedback for health and safety
at construction site. The structure of the portal contains sections on trainings,
safety coordination, personal protection work resources, accidents, machines
and equipments, noise, and hazardous substances. Each section contains rubrics
on terms, legislation, main activities, documents and agenda. The portal is
interactive and can be accessed and serviced by internet. Images from the portal
are shown. Conclusions underline the importance of the developed tool
regarding the contribution to health and safety.

In [34], Brozovsky jr., Kolos, and Materna are proposing a non-linear
constitutive model for mortar. The model is based on the one-dimensional
equivalent stress-strain relationship and assumes different behavior in tension
and in compression. A numerical analysis is also presented. For better
validation of the model, future analyses and comparisons with experimental
results are in the views of authors.

For improvement of Physics’ learning in higher education, Radinschi and
Ciobanu [35] propose implementation of some computer based methods.
Firstly, the strong relation between Mathematics and Physics is presented,
together with relatively poor math skills that students show. “Teaching-while
quizzing” tests are presented as a solution for better learning. Questions,
exercises, demonstrations and tools have been developed to stress the
visualization of Physics concepts. Computer based tests are now used and
results show students’ superior performances.

Masilkova [36] is analyzing the indoor climate in contemporary buildings,
especially the humidity problems arising. In the first part, the authors is
studying the ventilation problems in modern buildings. Examples of
computation on natural ventilation (infiltration/exfiltration) and mechanical
ventilation into apartment flats are presented. Supplementary heat consumption
needed for ventilation is evaluated for different situations.

Correlations of earthquake ground motion and energy distributions in one-story
irregular building structures are the themes in [37] investigated by lancovici.
The problem of non-symmetrical, irregular, with non-coincident centers of
mass and stiffness building is thoroughly analyzed. Energy based concept for
earthquake action is adopted and bi-directional ground motion is taken into
account.

Musil, [38] is treating the building system loads and its climatic data as a
stochastic system, to which the input data is very important. The author
analyzes the building system as a part of the environment. Consumption of
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water, waste water production, production of solid waste, and electricity
consumption are identified as inputs for the system. Then the activities inside of
building and their time development are analyzed. Climatic data and
meteorological annual changes are studied and modeled for use in computer
programs.

Sokolar, [39], is using the Statistical Method of Planned Experiment
(PLANEX) for research of building materials properties. The method is helping
in showing the influence of parameters involved in the experiment on the
properties of the analyzed products. Application is made on the experiments for
fine fly ash from black coal used as a basic raw material for ceramic tiles. In
this case the parameters and properties refer to pressing pressure, firing
shrinkage, water absorption, bending strength and bulk density. A system of
polynomial equation is connecting the variables in the process. Graphical
results are among the output data of the computer program.

The design of the foundation rehabilitation is studied by Lungu and Boti, [40].
Attention is given on soil improvement. For old buildings, typical foundations’
degradations are identified: erosion of the stone foundation; partial crumbling
of brickworks foundations; rot of wood foundations; moisture damage on stone
and brick infrastructures; fissures, cracks, fractures into the foundation
elements due to uneven settlements. The plastic pressure as a reference pressure
in the deformation at the limit state is analyzed and its application to foundation
rehabilitation process is shown. For soils with reduced cohesion, and soils with
high permeability, jet grouting is determined to be a good solution.

In [41], N. Boti, Lungu and I. Boti, are performing an evaluation of the
geotechnical risk for a building planned in one of the hilly zones within the
City of lasi, Romania. A geotechnical survey, the building’s characteristics are
shown. General geotechnical and hydrological conditions of the site are
presented. Also, previous and actual geotechnical conditions are exposed. Then,
geotechnical tests and a thorough slope stability analysis are performed. Land
slides were predicted and, therefore, foundation of the future building should be
a difficult task.

Designing of log-houses external walls is in the views of Brandejsova and
Novotny, [42]. They show that wood houses are most complaining to Life
Cycle Assessment standard requirements. Environmental as comfort aspects are
presented. However, important observations regarding the quality of building
this king of houses are issued. Incorrect details of wood work are shown.
Thermo vision analyses of wood walls are performed and proposed for further
researches.
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Fojtik, Vymazal, Zizkovad and Petranek, [43], are proposing technical,
environmental and security criteria for new building materials parameters
evaluation. The Failure Mode and Effects Analysis Method is at the base of the
presented analysis. The method is effective in quality management. The main
steps of the method are shown and evaluation of risk factors is exposed.
Application of the method to design and development of concrete is performed.

In [44], M. Brosteanu, and T. Brosteanu are referring to selection of theoretical
method for lateral load analysis of brick shear walls structures. In introduction,
the European and Romanian rules and standards on masonry buildings are
reviewed. The main categories of walls layout are presented. Five methods of
static analysis are revealed and comparisons between them and the
experimental data are performed. Based on comparisons and on the scope of
analysis, recommendations for choosing a method are issued.

Processing the large amount of data resulted after laboratory tests is the topic
treated by Nevrivova in [45]. The author was dealing with this kind of problem
when trying to obtain new possibilities to produce lightweight heat insulating
fire brick material on basis of waste products. The experimental procedure is
detailed, stressing on the variety of parameters. Necessity of computerized data
processing is shown. The algorithm and the Visual Basic program for Excel
together with some graphical and numerical results are presented.

Chiorean, [46], presents a computer program for advanced analysis of semi-
rigid steel space frames. This program is taking into account material and
geometrical nonlinearities in a new and efficient manner. Rigid floor
diaphragm, large displacements and semi-rigid joints are also considered.
Formulation of plasticity in the cross-section is expressed gradually, by smooth
force-strain curves numerically calibrated. Theoretical considerations, the
algorithm and the computer program are presented. An application on a steel
framed structure used in literature is proving the quality of the work.

The same author, [47], has also elaborated a computer program for M-N-® and
N-M-M analysis of reinforced concrete sections. The program is suitable for
complex cross-sections of arbitrary shape and curved edges, with or without
openings. The paper proposes to use an iterative procedure based on arc-length
constraint equations to determine the biaxial strength of an arbitrary composite
steel-concrete cross-section. Mathematical formulation and solution of the
problem are shown. Numerical examples reveal the large possibilities and the
accuarcy of the method and of the computer program.

Computational Fluid Dynamics is used by Sikula, [48], for simulation of indoor
climate. The necessity of creating and controlling the climate in the buildings is
underlined. Details of theoretical and experimental assessment of vertical
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temperature distribution in a room are presented. Vertical distribution of
temperature curves go together with explanations. The experimental data, for a
heated room, are compared with numerical results from a computer program.

Vasilescu, in [49], is dealing with geometrical non-linear analysis of cyclic
symmetrical structures. This type of structures is relatively often met and their
particularities could be used in analysis. A modified Newton-Raphson
procedure and the corresponding algorithm are presented. It is stated that the
procedure is well suited for cyclic symmetrical structures with mild geometrical
non-linearities. Strong non-linear cyclic symmetrical structures are in the views
for further studies.

In [50], Dolezilkova is treating the problem of modelling and simulation of
carbon dioxide indoor concentration. The importance of buildings’ inside
climate is stressed. The analysis is focused on indoor air quality, pollutants and
mainly on carbon dioxide. Five different computer programs are compared in
terms of characteristics, inputs and outputs. One of the software is chosen and
presented in depth. Applications for determining the carbon dioxide
concentration in the rooms of a flat for three input situations using the software
are developed. Consequently, ventilation procedures could be applied.

Structural optimization modeling is the topic for Berkowski, [51].
Mathematical formulation and the programming techniques of the optimization
problems are presented. Discrete synthesis of steel frame is implemented in a
computer program for second-order analysis (P-delta effect) and an example for
a two bay frame structure is shown. Then shape optimization of sections under
Saint-Venant torsion and a corresponding graphical computer program are
described. After that, another method, evolutionary structural optimization, and
examples are introduced.

Barbuta, Petru, and Nour perform a computer simulation on reinforced concrete
beams subjected to flexure, [52]. In parallel with experimental work, Finite
Element analyzes are shown. The subject of study is a 1500 mm long simple
supported beam with a 90x120 mm section symmetrically loaded with two
forces. The algorithm and a computer program were done for generating input
data of commercial FEM software. Comparisons between experiments and
FEM analysis show good agreements.

The design and building of the retaining walls systems made of precast concrete
blocks is the object of the paper [53]. The authors, N. Ungureanu, Vrabie,
Moga, and A. Ungureanu, show the value and complexity of retaining walls in
Civil Engineering. A solution for erecting such walls is the use precast units. A
simple to apply design procedure, based on only one parameter, is exposed.
Vault-shape structures made from precast blocks are analyzed. Details of
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design computations and limit stress considerations are issued. Advantages of
the method are revealed.

Evaluation of seismically induced damages and their modeling by functional
and stochastic models are treated by Vulpe and Carausu, [54]. Seismic damage
indexes and damage functionals, based on fragility and vulnerability concepts,
are described. Then, probabilistic assessment of seismic damage in hysteretic
structures is analyzed. Fragility and vulnerability models for seismic damage
assessment are studied. The same is performed for stochastic models for
seismic damages of structures.

Coveianu and Bitca, in [55], present a proposal of design for compressed
elements based on simulations with elements of initial deflection equivalent to
buckling curves A,B,C. The estimation of the equivalent deflection and also the
calculation of initial deflection for compressed elements with a square pipe
steel section are shown. Conclusions reveal that the proposed method could
very well describe the non-linear phenomena taking place in compressed
elements.

Computation of vibrating frequencies for steel taintor (radial) gates is studied
by Prodescu and Bitca, [56]. The importance of the study to the safety of
hydraulic systems is shown. A real case about a deep radial gate is described
and analyzed. A FEM model is developed. First 24 periods and frequencies of
vibrations for three different hypotheses are revealed. Also, the first three
modes of vibrations are illustrated. Conclusions show the influence of bearing
conditions to the modes of vibrations.

Use of computers in teaching and learning Applied Mechanics is treated by
Vlad, [57]. The study is generated by the need for improved teaching and by the
"mathematically un-adapted" students that are a growing problem in Academic
field. New and simple computational tools are regarded as a mean for solving
the needs. The dialogue between students and instructors can also be improved
through computer applications, some of them residing on Internet. The role of
the mathematical programming environments in teaching and learning is
underlined. Example of the use of such mathematical tool is referring to the
stress tensor component functions in a prismatic dam acted by the hydrostatic
pressure and body (gravitational) forces.

New screed materials, using waste materials, for external thermal insulation
composite systems are proposed by Zizkova, [58]. Insulation composite
systems used for thermal insulations are presented, the main objective being the
observation of fixing materials. The materials used in the study are shown.
Processability, adhesiveness, strengths, frost resistance coefficient and thermal
conductivity coefficient were monitored. Parametric test taking into account the
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composition of waste materials (e.g. fly-ash, crushed limestone washing) are
detailed and results are graphically expressed. Conclusions show that, when
the substitution of original material by waste material is appropriate, the new
material is having the same or even better properties than reference materials.

In a paper titled “Coating of concrete structures exposed to corrosive media”,
[59], Petranek is performing researches link to resins used for protecting
structural elements. Causes of corrosion and strategies of protection for
reinforced concrete are reviewed. Instead of usual fillers, waste materials were
used in coating tests: fly ash, slag, and wastes from the washing of crushed
aggregates. As binders, vinyl-ester, polyester and polyurethane have been used.
All test result values exceeded the values required for coating, the limit for
filling being the workability of the fresh coating. The best compositions were
selected.

D. Diaconu, Vasilescu, Palamaru, Mihai, A.C. Diaconu, and Popa, perform a
vast review of the City of lassy’s contributions to the development of
Earthquake Engineering in Romania. The paper, [60], is a remembering of the
forerunners and of their works in the field of the Civil Engineering in general,
and in the field of Earthquake Engineering in particular. The referred researches
have been carried out in lasi both within the Branch of National Institute for
Research and Development in Civil Engineering (INCERC) and the Faculty of
Civil Engineering. Revealed contributions covered: determination of dynamic
characteristics of structures; Civil Engineering structures (large panel
structures; masonry structures; structures made of three-dimensional precast
elements; monolithic or partially prefabricated framed structures; lamellar
framed structures; structures with monolithic vertical diaphragms and precast
flat slabs; structures with frames and thinned structural walls and structures
with central or multiple cores; rural buildings made up of local materials);
structures for industry (single-story and multi-story industrial buildings; special
constructions); unique constructions of national importance; seismic isolation
and equipment-structure interaction; rehabilitation of the existing buildings;
improvement of the dynamic-seismic interaction among different building
materials and members; seismic qualification of technological equipment and
facilities; cooperation. A large number of photos accompany the comments.

In [61] Comisu is proposing a real-time damage monitoring system of highway
bridges based on modal testing. A proposed composition for a mobile test
laboratory is also shown in contrast to the actual state of subjective
observations that lead to the identification of a bridge state. Benefits,
objectives, deliverables and expected scientific impact of the proposals are
analyzed. The scientific program and introduced innovation are revealed.
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Voiculescu, [62], is dealing with calculation of buckling length for steel
columns. A computer program based on a data sheet processor is presented.
The input data is shown to be easy and graphical part very useful. Theoretical
considerations are detailed. Instances from the use of the computer GUI and
results are shown. The program can be also very useful in pre-design stage for
structures.

Dimensioning “HE” type steel columns under complex actions is the subject
treated by Voiculescu and Preda in [63]. The calculation are done by the help
of a program written for a data sheet processor. The data is input using a
database of section types and other helping windows. Graphical parts are also
easing the user work. The program can verify the strength and the general
stability. Further developments are in views of authors.

Teleman, Axinte and Silion are presenting some trends of actual computer
assistance for laboratory studies in boundary layer wind tunnel, [64]. Climatic
changes and developments in the theory of Wind Engineering are at the base of
the study. New, modern approaches for assessment of wind actions are
extensively revealed. The paper show that modeling the wind flow is a complex
task containing, among others, the structure of the wind flow, the wind
turbulence, the time scales and the integral length scales. Then, problems linked
to the measurements that must be performed in the boundary layer wind tunnel
are described: acquisition techniques; power spectral densities analysis;
turbulence intensity analysis; cross correlation of the longitudinal and
transversal turbulence.

In [65], Tonescu and Popa are dealing with the efficiency that database could
provide for bridges management. The importance of bridges in a country
infrastructure is shown. Computerization of activities for the administrative
infrastructure network is underlined. For a chosen administrative unit, the
amount of data and tasks are detailed. Comment and statistics about the roads
and bridges network are issued. Conclusions outline that databases and actual
data are at the base of improved administration of the brides and roads network.

Ionescu and Nicutd are treating the problem of information and dissemination
in Bridge Engineering, [66]. For general scientific creation feedback system,
there are mainly three identified (sub)systems: the information system, the
creation system and the dissemination system. Resources, people and activities
involved in the information system and their connections are presented in a
diagram and then commented. A similar approach is performed for the
dissemination system. Analysis of the publication types is carried out. A special
attention is given to the scientific journals.
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The general goal of the author of [67] is to show that a new concept, Structural
Robotics, can be implemented in Civil Engineering. Components of this new
concept are studied as separated and necessary steps. Some progresses done
when Structural Active Control has been intensively and extensively studied are
presented. The newly introduced Structural Active Hinges are detailed and
shown to be practically realizable. Analytical models and numerical
applications to simple structures are presented and good results are obtained.
Future directions are also seen.

3. CONCLUSIONS

During the last four years Computational Civil Engineering has emerged as a
new and strong aspect of the Civil Engineering domain. This is proved by the
four symposiums organized in lasi, Romania [1-4] and also by the quality,
quantity and diversity of papers published with those occasions.

Meeting as Computational Civil Engineering 2006 are chances to offer
opportunities for remembering forerunners and their great works [5-9].

Though the meaning of Computational Civil Engineering is somehow fuzzy, it
is generally accepted that computers and their use play a major role in Civil
Engineering as for the rest of society. From the gained experience, some
general important themes as: Computer Aided Design and Engineering,
Computer Programming for Civil Engineering, Computer-Based Education,
Computational Methods in Civil Engineering, Databases in Civil Engineering,
and Computer Aided Management in Civil Engineering have been detected to
be parts of the domain.

The large number of contributed papers to sustain the Computational Civil
Engineering [11-67] shows that this infrastructure-like sub-domain is an
important factor for Civil Engineers, a platform for meeting, exchanging
opinions and experience, a good opportunity to make the Civil Engineering
community more adaptive and competitive.
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Summary

The nonlinear dynamic response of civil structures with energy dissipating devices
is studied. The structure is modeled using the Vu Quoc—Simo formulation for
beams in finite deformation. The effects of shear stresses are considered, allowing
rotating the local system of each beam independently of the position of the beam
axis. The material nolinearity is treated at material point level with an
appropriated constitutive law for concrete and fiber behavior for steel
reinforcements and stirrups. The simple mixing theory is used to treat the resulting
composite. The equation of motion of the system as well as the conservation laws
are expressed in terms of sectional forces and generalized strains and the dynamic
problem is solved in the finite element framework. A specific kind of finite element
is proposed for modeling the energy dissipating devices. Several tests were
conducted to validate the ability of the model to reproduce the nonlinear response
of concrete structures subjected to earthquake loading.

KEYWORDS: seismic analysis, beam model, numerical methods.

1. INTRODUCTION

In the traditional approach to earthquake engineering design, the computations are
carried out on the basis of linear elastic static analysis. The nonlinear behavior and
energy dissipation can be accounted for in a trivial manner by a force-based
approach, analyzing the elastic response spectra of a single degree of freedom
system, SDF, and the so called reduction factor method for introducing the material
ductility. A more rational concept, the displacement based approach, turns toward
the design based on the critical limit states of the elements [Davenne et.al. 2003].
Both design procedures are based on the study of a SDF system or simplified
substitute structures, which are not capable to account for the load redistribution
inside the structures due to local non-linearity. This is one of the major drawbacks
preventing a realistic description of the global and local behavior of the structure
up to the failure [Davenne et.al. 2003]. By other hand, additional improvements
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can be done if energetic concepts are taken into account. The passive control of
structures takes advantages of the possibility of dissipate energy in specific devices
alleviating the stresses in the main structural elements and controlling the lateral
displacements of the whole structure.

One choice to perform realistic analysis of structures equipped with energy
dissipating devices for seismic loading is employing nonlinear time history analysis
assuming physical descriptions for the materials and applying transient loadings on
the structure in terms of natural or simulated ground motions. The model employed
for the structure should be able to simulate the changes of configuration of the
structure during the dynamic action, especially for the case of flexible structural
behavior. Additionally, appropriated constitutive laws have to be provided for the
materials of the elements and for dissipating devices.

In this work the latter is achieved modeling the structure by mean of employing the
Simo-Vu Quoc formulation for beams and rods capable of undergoing large strains
and displacements [Simo et.al. 1985]. Each beam section is meshed into a grid of
cells, each of them corresponding to a fiber directed along the beam axis. The
material associated with a fiber can be composed by several components,
employing the simple mixing theory for the treatment of the resulting composite
[Oller, et.al. 1997]. The incorporation of energy dissipating devices is obtained
developing a special rod element with only one integration point. Appropriated
one-dimensional constitutive laws or strain—stress relationships are provided for the
element. Numerical examples are studied to validate the ability of the model for
simulating the dynamic response of structures subjected to seismic loading.

2. KINEMATIC OF BEAMS IN FINITE STRAIN

Nonlinear analysis of three-dimensional beam—like structural systems subjected to
very large displacements is a problem frequently encountered in earthquake
engineering. The 3D beam formulation employed here makes use of the
equilibrium equations in terms of stress resultants in order to deduce on the energy
conjugate strain measure through application of the virtual work principle. The
Newmark method is employed for integrating the equations of motion in the
dynamic linearized version [Simo et.al. 1985, 1986; Ibrahimbegovic, 1995].

2.1 Kinematics’ Description

A typical cross section of the beam will be associated with a orthonormal basis
vector, {t(S.:0}_,, of a moving frame attached to its centroid,

where S €[0, L] = R denotes the curvilinear coordinate along the line of centroids of

the undeformed beam, re R is a time parameter. The 5(S) component remains
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normal to the section all time. The fixed (so called material description) reference
axis of the same section is denoted by (E(S,0)} . SO that

{1(5.0)} _,,, ={E/(S)},.,¥S<[0,L]. The fixed spatial basis is denoted by{e(S.0)}_,,. See
figure 1. The orientation of the moving frame {4(S.0}_,, alongSe[0,L], and

through time reR is specified by an orthogonal transformation
A(S,0)=A,(S,0)e, ®E, such that 7,(S,1) = A(S,0)E, = A, (S,0)e,. The positionx, € R’ of the
centroid of the cross section is defined by the map: X, =4¢, =4¢,(S.0)e,. Here
A(S,1)e SO(3) the special orthogonal (Lie) group having the following property:

AA' =1. The derivatives of the orthogonal transformation are summarized in the
following formulas [Simo et.al. 1985, 1986]:

Derivatives of the moving frame

Spatial Material
OA(S,t
OAG.Y) _ Q(S,H)A(S,1) A _ A(S,)K(S,1)
NED _jy(s.nacs.1) NSO _ A5
ot ot
0 -0, o 0 -k K
Q= w, 0 -o K=k 0 -k ()
-w, O 0 _kz kl 0
O = w6 +w,e, + e, =kt +kyt, +kit, k=kE +kE,+kE, ®)
W=we +we, + we;, = Wit, + Wyt, + Wy, w=wE, +WE, + wE, 4)

where Q(S,1),w(S,1),K(S,1),7(S,r)are the spatial and material representation of the

curvature tensors and spins of the cross section respectively. Note
thatk + K =0,0+Q' =0.

2.2 Stress Resultant and Couples
Denoting by P=7, ® E, the non symmetric first Piola—Kirchhoff stress tensor, the

stress resultant » and the spatial stress couple m over a cross section I' c R*in the
current configuration, are defined according with the equation (5) as:



28 P.A. Mata, A.H. Barbat, S.M. Oller

g,
t
81‘ t, 2 g,
n
(]
E El E

Figure 1: Kinematics of beams in finite strain for fiber sections.

n= jrndr, m= J;_(x—¢O(S,l))xT3dF (5)

The material version of the stress resultants and couples are obtained pulling back
n, m to the reference configuration by mean of A [Simo et.al. 1985]. Appropriated
strain measurements conjugated to the corresponding stress resultant and couples
are obtained trough the stress power equivalence [Simo et.al. 1986], equation (6).

. \% v . .
J;X[O’L]P:FdFdS: IO,L][n-7/+mw]dS: .[ [N-T+M-x]dS (©6)

0,L]

where F is the time derivative of the deformation gradient and a superimposed dot
denotes time differentiation. Here, ) _ @)= wx (o) denotes the co-rotated rate, that
t

is, the rate measured by an observer attached to the moving frame. The
corresponding strain measurements are given by the equation (7).

7,26%(5,%_;3; F:A’a¢0(S’t)at—E3; k=A'® @)

2.3 Weak Form: Inertia Operator

The system of partial differential equations to be solved consists of the balance
laws and constitutive equations expressed in local form. Considering any arbitrary
admissible variation 7(S)=(7,(5),9(S)) of the spatial configuration of the rod (#,A),
and multiplying them by the local form of the balance laws, after several

mathematical procedures, it is possible to obtain the weak form of the equilibrium
equations (for a detailed description consult Simo et.al. 1986, 1988):
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G, (9,17) = 4[05” {43y 1, +[1 W+ wx (I,w)]- 9} dS+G(9.7) =0 (8)
where

— t 6770 a¢0 [619 ~ ~ _
G(9,n) = '[O’L]{N-A [g—gxg]+M-A = dS—'[OqL](n~r7+m-l9)dS=0 )

and 4, and /, are the sectional density of area and Inertia dyadic, respectively.

2.4 Time Integration

The Newmark’s method is employed to integrate the linearized system obtained
from the weak form. The novelty of the proposed approach lies in the treatment of
the rotational part which relies crucially on the use of the discrete counterpart of
the exponential map in the special group SO(3). The basic problem concerning the
discrete time stepping update is that given a configuration of displacements and
rotation tensor o, =(d,A), linear and angular velocities and accelerations, v,,w,)»

(a,,a,) in the time step n obtain the updated configuration in the time step n+1.

The algorithm employed is summarized in the equations (10), (11) and (12) for the
material description of the dynamic variables, 4¢ is the length of the time step. It is
interesting to note that the updating procedure for the rotational part of the dynamic
variables have to be carried out in the material description due to the fact that this
configuration is time independent and the base point on the rotational manifold
stays fixed [Makinen, 2001].

Implicit time stepping algorithm, (material description)

Translation Rotation
d,,=d,+u, A, =A,exp[®,]=exp[6,]A, (10)
u, =(At, +(A)[(0.5— B)a, + fa,,] ©, =W, +M)[05-B)4,+p4,,] (1)
V0 =V, +A(1=y)a, +ya,,] W, =W, +M(1-7)4,+74,,] (12)

Working on the linearized form of the equation (9) and employing standard
techniques of the finite element method, is possible to obtain the discrete version of
the system of equation [Simo et al, 1988]:

N

LG;yn el = Z n, LB ((07(121) +K, (A, r(ri—)l)A¢y,)n+l] =0 (13)

1,J=1
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K, (A, (Dr(l?l )=M,(A,, Affﬁl )+Sy ((Dr(z?l )+Gy, (Affﬁl )+ Ly, (Aiill (14)
where P; and Kj; are the vector of residual forces and the stiffness matrix
respectively. The matrix Kj; have contributions from the inertia, material and
geometric terms My, Sy and (Gyy, Ly respectively. A step-by-step iterative
Newton-Rapson scheme with a predictor—corrector method is employed to obtain
the dynamic response of the system.

3. MULTIFIBERS BEAM ELEMENTS

The cross section of the beam is divided into an orthogonal non—-homogeneous grid
of cells as it is shown in Figure 2. This avoid the formulation of constitutive laws
using sectional forces and displacements or moments and curvatures, which is the
traditional way to solve the problem but valid only in certain particular cases [Oller
and Barbat, 2006]. The sectional forces are decomposed fiber by fiber, in stress
tensor which are corrected according with the constitutive laws given for the
materials of the fiber and using the simple mixing theory to treat the resulting
composite [Car, Oller et.al. 2000]. The corrected sectional forces and moments are
then obtained by integration over the section area. The obtained sectional forces
and moments are then used to compute the residual forces, in order to iterate for
equilibrium if necessary (see Figure 2).

3.1 Constitutive Laws

In this work the concrete behavior is simulated employing a damage model based
on the Kachanov theory for degrading materials. The model can take into account
different properties for tension or compression. The steel reinforcements and
stirrups are modeled employing elastic—plastic fiber behavior. Both models are
thermodynamically sustainable avoiding the representation of the behavior of the
materials in an approximated form based mainly on experimental studies. Strain
localization is expected to occur in some members and therefore, a regularization
of the dissipated energy is carried out at constitutive level to obtain objectivity in
the response of the whole structure [Hanganu et.al. 2002].

3.1.1 Damage constitutive model for concrete

The damage model has a rigorous but relatively simple formulation strictly based
on thermodynamics [Simo and Ju, 1987]. The model is formulated in the material
configuration with no temperature time variations. The free energy presents the
following form:
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Figure 2: Iterative process at Integration point level in each section.

V(ed) = (1= (&) = (=)&) = (1= d)—&"C2) (15)

Po 2p,
where ¢ is the strain tensor, 4 (0<d <1) is the internal damage variable, p, is the

density in the material configuration, C; is the elastic constitutive tensor in the

initial undamaged state. The fulfillment of the Clasius Planck inequality provide
the constitutive law and dissipation, = _, according to equation (16).

. o .
=(1-d)C,é; E =——d2>0 16
o =(1-d)C, "o (16)

The damage yield criterion is defined in function of the free energy of the
undamaged material as: F=K(c,)\/2p,¥, -1, Where K(o,)is a function of the principal

stresses and takes into account the ability of the model to consider different traction
and compression properties [Barbat, et.al. 1997]. See Figure 3. Finally, the tangent
constitutive tensor is given [Oller et.al. 1997] by

® 500
oo

o =C"oe =[(1-d)I- dG(D) o 1C°8e = (I - D)C°S¢ (17)
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OA

Figure 3: Local damage model with different tension—compression properties.

3.1.2 Constitutive model for steel reinforcements and stirrups

The steel of the bar reinforcements and stirrups is simulated by mean of employing
a constitutive law for fibers. The fibers are treated as an orthotropic material with
the steel’s elastic modulus in the direction of the reinforcement and the concrete’s
elastic modulus in the other two directions. The Poisson coefficient is taken equal
to zero to avoid introducing lateral interaction between concrete and steel
reinforcements. After the yield criterion has been reached the plastic flux is
oriented in the direction of the fiber [Car et.al. 2000].

3.1.3 Simple mixing theory for materials

The behavior of the composite is defined according to the fractional part of the
total volume of the compounding substances (see Figure 4). It also assumes that in
each material point all the components contribute with their own constitutive law in
the assigned volume proportion. This allows combining materials with different
constitutive behavior. In this work it is assumed that all phases in the mixture have
the same strain field. The stress state of the composite is obtained starting from a
hyper elastic model satisfying the dissipation condition of the second principle of
thermodynamics, for » materials components, each of them with a volume
proportion k., mass density m, and free energy vw,, the stress is given by the

equation (18) [Car et.al. 2000].

n

a n
o= km, a‘/’c = km (o), (18)
c=1 & c=1
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Figure 4: Each fiber of the section has assigned a composite material.

3.2 Energy Dissipating Devices

The energy dissipating devices are simulated using a rod element with only one
Gauss integration point. The rotational degrees of freedom are released in both
ends of the beam to obtain only relative displacements in the device. The
constitutive law employed for dissipating devices corresponds to a bilinear
plasticity, but any other one dimensional description can be employed, for example
in Mata et.al. (2006), a constitutive description for elastomers to be employed in
energy dissipating devices is given.

4. NUMERICAL EXAMPLES

In this section three numerical examples validating the proposed formulation for
rods in the geometric and material nonlinear range are presented and explained.
The first two examples correspond to the nonlinear elastic response of a rod in
static and dynamic range. The third one corresponds to the study of a typical
flexible and low damped concrete building, which is equipped with energy
dissipating devices.

4.1 Elastic Large Bending of a Rod

This example presents the geometrically nonlinear analysis of a rectilinear
cantilever beam with a bending moment, M, applied at the free end (Figure 5). See
Ibrahimbegovic (1995) for more details. For the chosen data the values of the free
end bending moments that turns the reference rectilinear line into the
corresponding circle is 207, if the applied moment is increased again the another
smaller circle is formed at M= 407z The beam is modeled employing 40 quadratic
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finite elements with two Gauss integration point to avoid shear locking in the
response. It is possible to observe the ability of the model to predict the response of
the elastic rod even for large displacements and rotations.

201

Figure 5: Nonlinear elastic bending of rod.

4.2 Dynamic Analysis of Beam: Large Rotations

The same beam of the previous example has been subjected to an imposed rotation
of 7 at the clamped end. The dynamic response is obtained for a density mass of
3.0x10° Kg/em’, the result of the simulation allows to see the versatility of the
formulation for predicting the complex configurations of the system during the
motion. The rotational inertia terms are considered in the formulation allowing
enhancing the prediction of the dynamic response for the case of large rotations, as
it can be seen in Figure 6.

t=0s t=0.4 s t=0.8s t=1.2s t=1.6s t=2.0s t=2.1s t=2.2s

Figure 6: Nonlinear dynamic response of rod subjected to an applied rotation.

4.3 Nonlinear Seismic Response of Planar Frame

In this work the seismic nonlinear response of a typical concrete industrial building
is studied. The building has a bay width of 20 m and 24 m of inter—axes length.
The story high is 10 m. The concrete of the beam is H-50, (50 Mpa, ultimate
compression), with an elastic modulus of 35.000 Mpa for the beam and H-30 for
the concrete of the columns. It has been assumed a Poison coefficient of 0.2 for
both concretes. The steel bar reinforcements considered in the study and the fiber
discretization of the sections are those shown in Figure 7. The ultimate tensile
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stress for the steel is 510 Mpa. The dimensions of the columns are 60x60 cm’. The
beam has a variable section with an initial high of 80 cm on the supports and 120
c¢m in the middle of the span.

H vorighle

Figure 7: Columns and beam reinforcements and fiber model of the sections.

The permanent loads considered are 2000 N/m” and the weight of upper half of the
closing walls, that is, 270,000 N. The employed acceleration record is the N—S
component of the E/ Centro earthquake, 1940. The section of the energy
dissipating devices was designed for yielding with an axial force of 300.000 N and
for a relative displacement between the two ending nodes of 1.0 mm. The length of
the dissipating devices is of 2.5 m (see Figure 8).

In Figure 9 it is possible to see the contribution of the dampers to reduce the
displacements response. The obtained reduction is the order of 51% minimizing the
P—A effects. The maximum acceleration shows a reduction of the order of 30%
compared with the case where no devices are incorporated.

LIGTH DAMPED PRECAST CONCRETE STRUCTURE
WITH WEAK CONECTING JOINTS
E

speries o

L)

Figure 8: Precast industrial building without and with dissipators.
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Figure 9: Displacements time history.

5. CONCLUSIONS

The geometrically exact formulation due to Vu—Quoc and Simo for beams and the
use of appropriated constitutive laws for materials provides a useful tool to
simulate the earthquake effects on concrete structures. A detailed study of the
seismic response of structures requires taking into account the geometric and
material nonlinear behavior of the structure for including the ductility demand on
structural members, softening behavior, energy dissipation and the P-A effect. The
plastic energy dissipating devices allows the improvement of the seismic behavior
of flexible and low damped concrete structure studied in this work. From the
presented studies it is possible to see that the use of plastic energy dissipating
devices reduces the displacement response about 50% and the acceleration
response 30% for the N—S component of the E/ Centro 1940 earthquake record.
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Summary

The poor performance of some precast structures have limited their use in seismic
zones due to their low level of structural damping, P-A effects and low ductility of
de structural joints. These characteristics allow proposing the use of passive
dissipating devices for improving their behavior. The seismic response of two
precast buildings is studied in this work. The response of the structures equipped
with energy dissipators is compared with the non-controlled case. The first
structure is a low damped industrial precast concrete building with low ductility
connecting joints. The second one is a 3D frame typically built in urban areas. The
structures are simulated using the Simo’s formulation for beams. Each beam
section is meshed in a secondary grid of fibers along the beam axis. The materials
of each fiber can be composed of several components having appropriated
constitutive laws. The simple mixing theory is used to treat the resulting composite.
A special kind of element is developed for modeling the dissipating devices. The
results obtained in this work allow validating the use of passive control for
improving the seismic performance of precast structures.

KEYWORDS: seismic analysis, beam model, numerical methods.

1. INTRODUCTION

The use of precast concrete structures in seismic areas have been frequently
limited, by the lack of confidence about their performance in seismic regions as
well as by the absence of seismic design provisions or specific codes for analysis
and design of critical zones in the structure, i.e. the connecting joints. Due to these
reasons, the recognized advantages of precast concrete construction over cast-in-
place methods, which commonly are mainly referred only to construction aspects
(quality control, velocity of erection), have captured the most of the attention by
the researchers, while its structural efficiency is overlooked. The poor performance
of several precast parking structures in the 1994 Northridge Earthquake due to
incorrect design detailing has probably increased the lack of confidence on such



“Computational Civil Engineering 2006”, International Symposium 39

structural systems, contributing to further restrictions on precast usage in seismic
zones. In the last years some alternative concepts for the analysis and design of
precast concrete structures in seismic zones have been investigated as opposed to
the frequently accepted criteria of “emulation of cast-in-place concrete”
[Pampanin, 2003].

Among the most frequently noted disadvantages associated with the traditional
precast concrete structures [Mata, Barbat et.al. 2004] are:

- Low global structural damping coefficient. On the one hand, the 5% of the
global structural damping frequently associated to conventional cast in place
concrete structures is not necessarily the most appropriated value for precast
ones, which could have considerably smaller values, of the order of 2%, with
the consequent amplifications in the dynamic response.

- Important PA effects for the case of some flexible structures. The precast
industry tends to generate more flexible elements mainly designed for
permanent death load and, therefore, PA effects could be increased for lateral
loading paths.

- Non ductile connecting joints. The conventional seismic design is not directly
applicable to the case of precast concrete structures, because the connecting
joints are not monolithic. Furthermore, the joints are points where the ductility
demand is important and, therefore, they are critical points of the structure
where it is expected that damage concentrate. Additionally, a zone where
damage is concentrated presents softens mechanical behavior and it can be
identified with a plastic hinge in the structure. As it is well known, only a
limited number of plastic hinges can be developed in the structure before a
structural behavior corresponding to a mechanism is obtained.

By other hand, the effectiveness of passive control techniques is well recognized
for reducing the dynamic response of structures subjected to seismic actions. It is
possible to improve the seismic behavior of precast concrete structures by using
energy dissipation devices to absorb a part of the energy induced by earthquakes
and to concentrate the damage in specific zones.

One choice to perform realistic analysis of structures equipped with energy
dissipating devices for seismic loading is by means of employing material and
geometrical nonlinear time history analysis assuming appropriated constitutive
descriptions for the materials and applying acceleration records to the base of the
structure. The numerical model should be able to simulate the changes of
configuration of the structure during the earthquake, especially for the case of
flexible structures.

In this work the latter is achieved by mean of employing the Simo-Vu Quoc
formulation for beams, which is capable of undergoing large strains and
displacements [Simo et.al. 1985]. Each beam section is meshed into a grid of fibers
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directed along the beam axis. Two kinds of materials are employed: concrete and
steel. For describing the mechanical behavior of concrete, a local damage
constitutive model based on Kachanov’s theory is used. Reinforcing steel bars are
treated using a fiber plastic model. The material associated with a fiber is treated
by means the simple mixing theory [Oller et.al. 1997]. The incorporation of energy
dissipating devices is obtained developing a special rod element.

In this paper the numerical simulation of the dynamic response of two typical
precast concrete building subjected to earthquake loads, using passive energy
dissipating devices is carried out. Both structures present the deficiencies
previously described. The first one corresponds to a plane frame employed to build
industrial buildings. The second one is a three-dimensional concrete frame
corresponding a building constructed in urban areas. Nonlinear behavior for both
frame structures and energy dissipating devices are considered in the computational
simulations.

2. NUMERICAL TOOL

A specific software package, PLCDYN Plastic Concrete Dynamic, has been
developed to simulate the nonlinear behavior of civil engineering structures
including those based on beam elements. The developed code allows solving
problems in many different areas of the mechanic of solids: static, dynamic, with
material and geometric non-linearity, thermally coupled problems and composite
based structures [Car et.al. 2000].

For the case of beam like structures the geometrically exact formulation due to
Simo—Vu Quoc is implemented. The kinematical assumptions of the model allow
simulating finite strains and large displacements and rotations during the dynamic
action [Ibrahimbegovic, 1995; Simo et.al. 1985, 1986, 1988; Mata et.al. 2005]. For
dynamic analysis a Newmark scheme, which update consistently all the dynamic
variables associated with finite rotations, has been implemented [Simo et.al. 1989].

Each beam section of the elements is meshed into a secondary grid of
quadrilaterals for including a non-homogeneous distribution of materials. Each
quadrilateral corresponds to a fiber oriented along the centroid axis of the beam.
See Figure 1. The material of each fiber is composed by several components,
having each of them its own constitutive law. By this way, it is possible to consider
the steel reinforcement as one of the components of the composite located in the
quadrilaterals on the boundary of the section. The resulting composite is treated
according to the simple mixing theory [Car et.al. 2000], which impose the same
strain field for all components in a material point. The stress field is recovered for
each component according to its constitutive law, the total stress is determined
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supposing that each component contributes to the total stress according to its
volumetric participation in the mixture.
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Figure 1: Kinematics of beams and grid of quadrilaterals in each section.

The sectional forces and moments are obtained integrating the stresses over the
whole section in each integration point. This kind of approximation avoids the
development or employment of constitutive laws based on force—displacement for
the element, which is the most common way to model the nonlinear beam
behavior, but this kind of laws are valid only for a certain geometry of sections or
mechanical behaviors of the beams [Barbat et.al. 1997]. Sectional forces and
moments are then used to check global equilibrium of the dynamical system. The
iterative process is repeated until convergence is obtained.

2.1 Constitutive laws for materials

The failure of concrete for different strain or stress conditions is simulated
employing an isotropic damage model based on fundamental thermo dynamical
principles [Barbat et.al. 1997]. This model is able to simulate in a simple and
efficient fashion one of the basic features of the concrete behavior: degradation,
strain softening under tension—compression stress states. Figure 2 shows the shape
of the damage criterion in the principal stress space employed for the concrete. In
this figure it is possible to see that the model takes into account different properties
for tension or compression states. The resulting integration algorithm for this
model is simple and suitable for large-scale computations. In this category,
nonlinear behavior is monitored through a single internal scalar variable, called
damage or degradation [Hanganu et.al. 2002].
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Figure 2: Kinematics of beams and grid of quadrilaterals in each section.

Steel bar reinforcements and stirrups are modeled by mean of the plastic fiber
behavior model. The model consists in an orthotropic material with a steel elastic
modulus in the direction of the reinforcement and concrete properties in the other
two directions. Plastic flow is oriented along the fiber once the yielding criterion is
reached [Car et.al. 2000].

2.2 Strain localization

Strain localization is expected to occur when large incursion in the nonlinear range
are attained by the structure [Hanganu et.al. 2002]. The objectivity of the response
is obtained by means of carrying out a regularization the dissipated energy in each
integration point considering the characteristic length of the finite element where
the is strain localization have place. In this way the maximum dissipated energy by
a material is limited by its fracture energy. This corrective procedure became the
global structural response objective but the length of the zone where strains are
localized is still mesh dependent.

2.3 Dissipating device element

The energy dissipating devices are modeled by mean of a bi—pinned rod element
with only one integration point in the middle of the rod span. The bi—pinned
condition of the ending nodes allows obtaining displacements in the direction of
the axes element and, therefore, only axial strains have place. Specific one-
dimensional constitutive laws have to be provided for the element. In this work,
only devices with plasticity as constitutive law will be employed but the developed
element can be employed with any other kind of constitutive relation, e.g. [Mata
et.al. 2006].
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3. NUMERICAL SIMULATIONS

3.1 Precast concrete industrial frame

The nonlinear seismic response of a typical plane precast industrial building,
Figure 3, is studied. The building has a bay width of 24 m and 12 m of inter—axes
length. The story high is 12 m. The concrete of the structure is H-35, (35 Mpa,
ultimate compression), with an elastic modulus of 290.000 Mpa. It has been
assumed a Poison coefficient of 0.2. The steel reinforcement of the sections
considered in the study corresponds to the 10% of the sectional area and the
quadrilateral discretization of the sections is presented in the same figure for each
element. The ultimate tensile stress for the steel is 510 Mpa. The dimensions of the
columns are 60x60 cm”. The beam has a variable section with an initial high of 60
cm on the supports and 160 cm in the middle of the span.

The permanent loads considered are 1050 N/m” and the weight of upper half of the
closing walls (432,000 N). The employed acceleration record is the N-S
component of the El Centro earthquake, 1940.

The energy dissipating devices were simulated by means of employing the
previously described model to obtain only axial force in each element. The
properties of the dissipating devices were designed for yielding with an axial force
of 150.000 N and for a relative displacement between the two ending nodes of 1.5
mm. The length of the devices was of 2,00 m.

=200m

Simmetry Simmstry
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Figure 3: Half part of 2D precast industrial frame. 1: Normal frame 2: Energy dissipating
devices incorporated (diagonal elements). 3: Numerical model of Column and beam
sections.

A nonlinear static analysis has been performed on the structure with and with out
energy dissipating devices. A sequence of imposed displacements with sinusoidal
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form is applied on the upper corner of the structure. The results are summarized in
figure 4 where base shear is draw as function of the top displacement. In this figure
it is possible to see that the controlled structure increments its stiffness and
resistance when compared with the non-controlled case. Additionally, more energy
dissipating capacity is obtained for the controlled structure as it can be evidenced
from the greater hysteretic cycles obtained.

Figure 4: Hysteretic cycles. 1: Structure. 2: Energy dissipating devices.

By other hand, ductility of the structure is increased when control devices are
employed as it can be seen in Figure 5.

The results of the numerical simulations allow seeing that the employment of
plastic dissipating devices contributes to improve the seismic behavior of the
structure for the case of the employed seismic record. Figure 6 shows the hysteretic
cycles obtained for the structure with and with out devices. For the case of the
whole structure the cycles are obtained from the lateral displacement of the upper
beam—column joint and the horizontal reaction (base shear) in the columns. It is
possible to appreciate that the non-controlled structure (bare frame) presents
greater lateral displacements and a more structural damage is observed, (greater
hysteretic area than for the controlled case). In the case of the structure equipped
with dissipator a stiffer response is obtained and a part of the dissipated energy is
concentrated in the controlling devices as expected.
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Time history response
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Figure 7: Time history response of the structure with and with out dissipating devices.

Figure 7 shows the time history responses of the upper beam—column joint. A
reduction of 12 % is obtained for the maximum lateral displacement compared with
the bare frame. Acceleration and velocity are controlled in the same way, but only
4 and 5 % percent of reduction is obtained. A possible explanation for the low
effectiveness of the dissipators is that the devices only contribute to increase the
ductility of the beam — column joint with out alleviating the base shear demand on
the columns due to their dimensions and location in the structure. By other hand,
joints are critical points in precast structures and therefore, the employment of
dissipators combined with a careful design of the columns can help to improve the
seismic their behavior.

3.2 Precast concrete building

The nonlinear seismic response of a precast building constructed in urban areas is
studied. See Figure 8. The building has one bay and two stories of 6 and 3 m width,
respectively. The concrete of the structure is H-25, (25 Mpa, ultimate
compression), with an elastic modulus of 25.000 Pa. It has been assumed a Poison
coefficient of 0.2. The steel bar reinforcements considered in the study are those
corresponding to the 8% of the sectional area for elements near to the joint (25 %
of the column or beam length), and 4% for elements in the middle part of the span.
The ultimate tensile stress for the steel is 510 Mpa. The dimensions of the columns
are 30x30 cm”. The beams have a section of 15x30 cm®.
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The permanent loads considered are the weight of the concrete floors, a live load of
2500 N/m’ and the weight of the closing walls, (432,000 N). The employed
acceleration record is the same as before in the direction X and the same record
scaled by 0.3 in the orthogonal direction.

No accidental or structural eccentricities were considered in this work, but it is
possible to do it modifying the mass density of the beams or adding another
structural element in the same of the planar frames.

Column elements Other columns
near joints

Beam elements
near joints Qther beams

15—l

Figure 8 : 1: 3D Frame. 2: Dissipating devices incorporated. 3, 4: Column and beams
sections.

Several numerical simulations were carried out to obtain an optimized combination
of the characteristic of the energy dissipation devices for knowing what is the
yielding level, F,, stiffness, K, and yielding displacement, Dy, which give a biggest
protection level to the structure. The properties of the employed energy dissipating
devices are summarized in Table 1.

Table 1: Parameters of the energy dissipation devices

Device Device Device Device Device
Characteristics | Characteristics Characteristics | Characteristics | Characteristics

F,,(N) {1000 |F,,(N) [2000 [F,,(N) [3000 |F,,(N) [4000 |F,,(N) |5000
Dy, (mm) | 1250 |Dy, (mm) |1250 |Dy, (mm) | 1250 |Dy, (mm) | 250 |Dy, (mm) | 1250

Fy, (N) 1000 | Fy, (N) 2000 |Fy, (N) 3000 |Fy,,(N) |4000 |Fy,(N) |5000
Dy, (mm) |2 500 | Dy, (mm) |2 500 | Dy, (mm) |2 500 | Dy, (mm) | 2500 | Dy, (mm) |2 500

F,, (N) 1000 |F,,(N)  [2000 |F,,(N) [3000 |F,,(N) [4000 |F,,(N) |5000
Dy, (mm) | 5000 |Dy, (mm) |5.000 |Dy, (mm) | 5000 |Dy, (mm) | 5000 |Dy, (mm) |5000
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The results of the simulation are expressed in terms of maximum top and middle
floor displacements; base shear and over-tuning moment are presented
simultaneously as function of the type of employed device in figure 9. From this
figure it is possible to see that even when the biggest benefits in terms of the
selected global variables are attained for different device characteristics, the more
advantageous characteristics are related with flexible devices (K=8000 N/mm) with
a medium yielding displacement (approx. 2.5 mm) and yielding force around the
4000 N.

Therefore, the selected properties of the dissipators were: Plastic yielding for a
axial force of 4000 N, relative yielding displacement between the two ending nodes
of 2.50 mm. The length of the dissipating devices is of 6.7 m. The dissipating
devices only were incorporated in the direction where the strongest ground
acceleration record is applied.

v OVERTUNING MOMENT, CONTROLED DIRECTION DISPLACEMENT NODE 11, CONTROLED DIRECTION
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Figure 9: Maximum response for each energy dissipating device. 1: Over—tuning Moment.
2: Top floor displacement. 3: Middle floor displacement. 4: Base shear.
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4. CONCLUSIONS

The seismic behavior of two typical precast concrete structures is studied
employing a numerical code, which incorporate a geometrically exact finite strain
formulation for rods using appropriated constitutive laws for materials. The simple
mixing rule is employed to treat the resulting composites. The fiber beam model
presented in this work provides a useful tool to simulate the earthquake effects on
structures. A specific plastic energy dissipating device element is employed in the
simulations. The advantages of employing dissipating devices to protect and
improve the seismic behavior of flexible and low damped precast structures with
non ductile connecting joints is studied for the 2D and 3D cases presented here.
From the results it is possible to see that several numerical simulation are required
to validate the best choice for selecting the mechanical characteristics of the control
devices to ensure the biggest improvements in the seismic response of the
controlled structure.
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Summary

In the past, the concept of risk has been defined in a fragmentary way in many
cases, according to each scientific discipline involved in its appraisal. At
nowadays, the risk is defined, for management purposes, as the potential economic,
social and environmental consequences of hazardous events that may occur in a
specified period of time. From the perspective of this article, risk requires a
multidisciplinary evaluation that takes into account not only the expected physical
damage, the number and type of casualties or economic losses, but also the
conditions related to social fragility and lack of resilience conditions, which favors
the second order effects when a hazard event strike a urban centre. The urban
seismic risk evaluation is proposed from a holistic point of view,; that is an
integrated and comprehensive approach to guide decision-making. Evaluation of
the potential physical damage is the first step of this method. Subsequently, a set of
social context conditions that aggravate the physical effects are also considered. In
the method here proposed, the holistic risk evaluation is based on urban risk
indicators. According to this procedure, a physical risk index is obtained, for each
unit of analysis, from existing loss scenarios, whereas the total risk index is
obtained by factoring the former index by an impact factor, based on variables
associated with the socio-economic conditions of each unit of analysis. Finally,
examples of the model application are given for two urban centers: Bogotd and
Barcelona

KEYWORDS: risk evaluation, seismic risk, urban centers.

1. METHODOLOGY OF EVALUATION

The report Natural Disasters and Vulnerability Analysis [UNDRO, 1980] proposed
the unification of disaster related definitions as hazard (H), vulnerability (V),
exposed elements (£) and risk (R) and suggested one expression to associating
them, that is considered a standard at present

R=E-H-V (1)
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Based on this formulation several methodologies for risk assessment have been
developed from different perspectives in the last decades, and recently a holistic
approach for the case of urban centers [Cardona and Hurtado 2000; Masure, 2003].

Cardona (2001) developed a conceptual framework and a model for seismic risk
analysis of a city from a holistic perspective. It considers both “hard” and “soft”
risk variables of the urban centre, taking into account exposure, socio-economic
characteristics of the different districts of the city and their disaster coping capacity
or degree of resilience. The model was made to guide the decision-making in risk
management, helping to identify the critical zones of the city and their vulnerability
from different professional disciplines.

This article presents an alternative method for urban risk evaluation based on
Cardona’s model [Cardona, 2001; Barbat and Cardona, 2003], using a holistic
approach and describing seismic risk by means of indices. Expected building
damage and losses in the infrastructure, obtained from future loss scenarios are
basic information for the evaluation of physical risk in each unit of analysis.
Starting from these data, a physical damage index is obtained. The holistic
evaluation of risk by means of indices is achieved affecting the physical risk with
an impact factor or aggravating coefficient, obtained from contextual conditions,
such as the socio-economic fragility and the lack of resilience, that aggravate initial
physical loss scenario. Available data about these conditions at urban level are
necessary to apply the method. An explanation of the model is made ahead and
also some examples of application for the cities of Bogotd, Colombia, and
Barcelona, Spain, are described to illustrate the benefits of this approach that
contributes to the effectiveness of risk management, inviting to the action
identifying the hard and soft weaknesses of the urban centre. Figure 1 shows the
theoretical framework for the alternative model.

HAZARDS H; (1 (1).)]i=1.2....m
EXPOSED ELEMENTS
(COMPLEX DYNAMIC SYSTEM)
VULNERABILITY FACTORS
V (D), YFLD), YR(D), O ]i=1.2,..n
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Figure 1: Model for holistic approach of disaster risk (adapted from Cardona and Barbat,
2000)
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From a holistic perspective risk, R, is a function of the potential physical damage,
D;, and an impact factor, /. The former is obtained from the susceptibility of the
exposed elements, 7, to hazards, H; regarding their potential intensities, /, of
events in a period of time #, and the latter depends on the social fragilities, y, and
the issues related to lack of resilience, yz; of the disaster prone socio-technical
system or context. Using the meta-concepts of the theory of control and complex
system dynamics, to reduce risk it is necessary to intervene in corrective and
prospective way the vulnerability factors and, when it is possible, the hazards
directly. Then risk management requires a system of control (institutional
structure) and an actuation system (public policies and actions) to implement the
changes needed on the exposed elements or complex system where the risk is a
social process.

In this paper the proposed holistic evaluation of risk is performed using a set of
input variables, herein denominated descriptors. They reflect the physical risk and
the aggravating conditions that contribute to the potential impact. Those
descriptors, listed forward, are obtained from the loss scenarios effects and from
socio-economic and coping capacity information of the exposed context [Barbat
and Cardona, 2003; Carrefio et al., 2005]. The obtainment or calculation of these
descriptors is not the objective of this paper. More information on this subject can
be found in Carrefio et al. (2005). They are only input information data. The socio-
economic fragility and the lack of resilience are a set of factors (related to indirect
or intangible effects) that aggravate the physical risk (potential direct effects).
Thus, the total risk depends on the physical risk, and the indirect effects expressed
as a factor

In this equation, known as Moncho’s equation, R7 is the total risk index, R is the
physical risk index and F is the impact factor. This coefficient, F, depends on the
weighted sum of a set of aggravating factors related to the socio-economic
fragility, Frs;, and the lack of resilience of the exposed context, Fg;

F= ZWFSi X Frg +ZWFR/ XFFR_/‘
im1 = 3)

where wgg; and wgg; are the weights or influences of each i and j factors and m and
n are the total number of descriptors for social fragility and lack of resilience
respectively.

The aggravating factors Frs; and Fr; are calculated using transformation functions
shown in the figures 2 and 3. These functions standardize the gross values of the
descriptors transforming them in commensurable factors. The weights wgg; and wpg;
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represent the relative importance of each factor and are calculated by means of the
Analytic Hierarchy Process (AHP). It is used to derive ratio scales from both
discrete and continuous paired comparisons [Saaty, 1980, 2001].

The physical risk, Rp, is evaluated in the same way, using the transformation
functions showed in the Figure 3

p
R; = ZWRF:' X Fp,
@

where p is the total number of descriptors of physical risk index, Frp are the
component factors and wgp; are their weights respectively. The factors of physical
risk, Frr;, are calculated using the gross values of physical risk descriptors such as
the number of deaths, injured or the destroyed area, and so on. The transformation
functions take values between 0 and 1 (see figures 2, 3 and 4).

Frsi
Frs:

0z 03 04 05 05 07 08 08 1 5 500 2000 2500 3000 3500
Slums-squatter neighbourhoods area / Total area P[0.05 0.75] Mortaity rate P[50 4000]

Figure 2: Examples of transformation functions used for the social fragility factors

It is estimated that the indirect effects of hazard events, sized by the factor F in
equation 2, can be the same order of the direct effects. According to the Economic
Commission for Latin America and the Caribbean (ECLAC), it is estimated that
the indirect economic effects of a natural disaster depend on the type of
phenomenon. The order of magnitude of the indirect economic effects for a “wet”
disaster (as one caused by a flood) could be of 0.50 to 0.75 of the direct effects. In
the case of a “dry” disaster (caused by an earthquake, for example), the indirect
effects could be about the 0.75 to 1.00 of the direct effects, due to the kind of
damage (destruction of livelihoods, infrastructure, housing, etc.). This means that
the total impact, Ry, could be between 1.5 and 2 times Rg. In this method, the
maximum value selected was the latter. For this reason, the impact factor, F, takes
values between 0 and 1 in equation 2, in this case.

In order to develop the transformation functions sigmoid functions were used (see
figures 2 to 4). The maximum and minimum values (for the values 1 or 0 of each
factor) were fixed using existing information about disasters as well as experts
opinions. For the lack of resilience descriptors, related to the level of development
of the community and the emergency planning or preparedness, a linear relation
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was assumed. Table 1 presents the variables used to reflecting the social fragility
and the lack of resilience in the estimation of F.
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Figure 3: Examples of transformation functions used for the lack of resilience factors
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Figure 4: Examples of transformation functions used for the physical risk factors
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Figures 2 to 4 show the values of the descriptors in the x-axis of the transformation
functions. The corresponding factors, or scaled values, are given in the y-axis.
Table 2 presents the initial measurement units of each descriptor of social fragility
and resilience. Table 3 shows the descriptors of the physical risk. The factors for a
city are obtained in each case using the transformation functions of the aforesaid
figures and the variables with the units of tables above-mentioned.

Table 1: Descriptors used to evaluate the impact factor F

Aspect Descriptor
Slums-squatter neighbourhoods
Mortality rate

Social fragility Delinquency rate

Social disparity index

Population density

Lack of resilience

Hospital beds

Health human resources

Public space

Rescue and firemen manpower

Development level

Preparedness emergency planning
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Table 2: Aggravating descriptors, their units and identifiers

Descriptor Units
Xrsi Eé?;%gg?ﬁéfgs Slum-squatter neighbourhoods area / Total area
Xrs; | Mortality rate Number of deaths each 10000 inhabitants
Xrs; | Delinquency rate Number of crimes each 100000 inhabitants
Xrsq | Social disparity index Index between 0y 1
Xrss | Population density Inhabitants / Km? of build area
Xrr; | Hospital beds Number of hospital beds each 1000 inhabitants
Xrr> | Health human resources Health human resources each 1000 inhabitants
Xpg; | Public space Public space area/ Total area

Rescue and firemen manpower each 10000
Xrrq | Rescue and firemen manpower | . .

inhabitants
Xrps | Development level Qualification between 1 and 4
Xrrs | Emergency planning Qualification between 0 and 2

Figure 5 shows the process of calculation of the total risk index for the units of
analysis, Ry, starting from the factors of physical risk, Fgr;, and of aggravating, Fs;
and Fgg;, and using the weights wgg, Wrs; and wgg; of each factor. These weights
take values according to the expert opinion for each studied city applying the
Analytic Hierarchical Process (AHP). Using the factors obtained applying the
functions of figures 2 to 4, the physical risk index is calculated by applying
equation 4, the impact factor by means of equation 3 and, finally, the total risk is
calculated by means of equation 2.

This new model improves conceptual and methodological aspects of the first
Cardona’s proposal, refining the applied numerical techniques and turning it into a
more versatile tool. The conceptual improvements provide a more solid theoretical
and analytical support to the new model, eliminating unnecessary and dubious
aspects of the previous method, given more transparency and applicability in some
cases. The new approach preserves the use of indicators and fuzzy sets or
membership functions, proposed originally, but in a different way. It also improves
the procedure of normalization and calculates the final indices in an absolute (non
relative) manner. This feature facilitates the comparison of risk among cities.
Finally, the earlier model takes into account descriptors of physical risk, seismic
hazard, physical exposure, socio-economic fragility, and lack of resilience; in the
new approach, seismic hazard and the physical exposure have been eliminated
because they are redundant due to they have been included into the physical risk
variables.
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Frr1 | Damaged area WRF]
Frr2 | Dead people WRF2
Frrs | Injured people WRF3
Fre4 | Damage in water mains WRF4
Frrs | Damage in gas network Wrrs | 9 I Rr | Physical risk
Frre | Fallen lengths on HT power lines | Wy
Fre7 | Electricity substations affected WRF7
Frrs | Electricity substations affected WRFS
>
Frs1 | Slums-squatter neighbourhoods | wgs;
Frs, | Mortality rate WEs2
Frs; | Delinquency rate WFs3
Frsq | Social disparity index Wrs4
Frss | Population density Wrss
Frri | Hospital beds Wrr1 | 2 I F | Impact factor
Frr» | Health human resources WER2
Fer3 | Public space WER3
Frr4 | Rescue and firemen manpower WFR4
Frrs | Development level WERS
Frre | Emergency planning WERS

Figure 5: Factors of physical risk, social fragility and lack of resilience and their weights

Table 3: Physical risk descriptors, their units and identifiers

Descriptors

Units

XRF 1

Damaged area

Percentage (damaged area / build area)

Xrr2 | Dead people Number of dead people each 1000 inhabitants
Xzrrs | Injured people Number of injured people each 1000 inhabitants
Xrry | Ruptures in water mains Number of ruptures / Km?

XRF 5

Rupture in gas network

Number of ruptures / Km”

XRF 6

Fallen lengths on HT power lines

Metres of fallen lengths / Km®

XRF 7

Telephone exchanges affected

Vulnerability index

XRF 8

Electricity substations affected

Vulnerability index

XRF 9

Damage in the road network.

Damage index

2. EXAMPLE OF APPLICATION: SEISMIC RISK OF BOGOTA

In Bogota, the capital of Colombia, the localities are political-administrative
subdivisions of the urban territory, with clear competences in financing and
application of resources. They were created with the objective of attending in an
effective way the necessities of the population of each territory. Since 1992,



58 M.L. Carrefio, O.D. Cardona, A.H. Barbat

Bogota has 20 localities which can be seen in Figure 6: Usaquén, Chapinero,
Santafé, San Cristobal, Usme, Tunjuelito, Bosa, Ciudad Kennedy, Fontibdn,
Engativa, Suba, Barrios Unidos, Teusaquillo, Martires, Antonio Narifio, Puente
Aranda, Candelaria, Rafael Uribe, Ciudad Bolivar y Sumapaz. In this study, only
19 of these localities are considered, because the locality of Sumapaz corresponds
to the rural area.

As it is well known, the seismic hazard is the most significant threat for Bogota.
The scenario of seismic physical risk illustrated also in Figure 6 was used as a
starting point for the application of the model. It displays the mean damaged area
in predefined cells or zones considering a strong near field earthquake with 0.2g
acceleration at the bedrock [Universidad de Los Andes, 1996].

Tables 4 and 5 show the weights computed using the AHP, for the components of
the physical risk and for the aggravating factors, respectively. The weights are
calculated in Carreflo et al. (2005). Tables 6 show the values of the descriptors used
in this application, which represent the physical risk. Table 7 shows the values of
the factors of physical risk obtained by applying the functions of the Figure 4. The
aggravating factors due to the social fragility and the lack of resilience are obtained
by the applying the functions of figures 2 and 3. Table 8 shows the results for the
physical risk, the impact factor and the total risk of each locality and the average
values for the city.
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Figure 6: Political-administrative division of Bogota, and scenario of physical seismic risk,
Universidad de Los Andes (1996)
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Table 4: Physical risk descriptors, their units and identifiers
Factor Weight | Weight value

Frr WRFI 0.31

Fre> WRF2 0.10

Fres WRF3 0.10

Frry WRF4 0.19

Frrs WRFs 0.11

Frrs WRF6 0.11

Frez WRF7 0.04

Frrs WRFS 0.04

Table 5: Weights for the factors of the aggravating conditions

Factor Weight | Weight value

FFS] WES] 0.18

FFSZ WESs2 0.04

FFS3 WES3 0.04

Frsy WEs4 0.18

Frss WEFss 0.18

Frp WFRI 0.06

Frrs WFR2 0.06

Frps WEFR3 0.04

Frry WFR4 0.03

Frps WFR5 0.09

Frrs WFR6 0.09

Table 6: Descriptor values of the physical risk, Rg

Locality Xrri Xre2 Xgr3 X4 Xrrs Xrrs Xrr7 Xrrs
Usaquen 15.1186 4 27 2 0 24 0.7 0.83
Chapinero 5.0302 5 27 5 0 81 0.77 0.9
Santafé 6.6070 3 16 7 0 63 0.62 0.9
San Cristobal 49278 2 13 4 0 34 0.68 0.9
Usme 10.5870 0 1 1 1 14 0.67 0.9
Tunjuelito 3.5494 0 1 1 0 7 0.58 0.7
Bosa 42461 2 12 3 1 42 0.73 0.9
Ciudad Kennedy 4.8198 0 2 1 0 11 0.54 0.7
Fontibon 5.3163 1 7 1 0 5 0.64 0.7
Engativa 6.8777 1 5 1 0 3 0.66 0.8
Suba 13.8449 2 13 1 0 19 0.66 0.77
Barrios Unidos 12.2659 4 27 2 1 45 0.75 0.9
Teusaquillo 10.2985 8 41 4 0 36 0.74 0.9
Martires 7.0283 6 30 2 0 18 0.66 0.7
Antonio Narifio 4.0287 0 2 2 0 17 0.67 0.8
Puente Aranda 5.7006 1 6 2 0 20 0.69 0.7
Candelaria 8.9515 9 44 6 0 81 0.67 0.9
Rafael Uribe 3.2433 1 11 2 0 29 0.65 0.9
Ciudad Bolivar 8.8908 1 11 1 1 21 0.64 0.9
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Table 7: Factors, Frr, and the physical risk index, Rg

Locality Frr Frs Fres Frrs | Frrs Frrs Frez Frrs Rr
Usaquen 0.881 [0.0128| 0.259 | 0.08 0 [0.0288 | 0.7 0.83 | 0.386
Chapinero 0.127 | 0.02 | 0.259 0.5 0 0.328 | 0.77 0.9 | 0.264
Santafé 0.218 {0.0072| 0.091 | 0.82 0 0.198 | 0.62 09 | 0314
San Cristobal 0.121 {0.0032| 0.0601 | 0.32 0 |[0.0578 | 0.68 0.9 | 0.175
Usme 0.557 0 0.00036| 0.02 | 0.08 | 0.0098 | 0.67 0.9 | 0.253
Tunjuelito 0.063 0 0.00036 | 0.02 0 |[0.0025| 0.58 0.7 | 0.076
Bosa 0.090 {0.0032| 0.0512 | 0.18 | 0.08 | 0.0882 | 0.73 0.9 | 0.152
Ciudad Kennedy | 0.116 0 0.00142 | 0.02 0 |[0.0061 | 0.54 0.7 | 0.092
Fontibén 0.141 {0.0008 | 0.0174 | 0.02 0 |[0.0012 | 0.64 0.7 | 0.105
Engativa 0.237 {0.0008 | 0.00889 | 0.02 0 |0.0004 | 0.66 0.8 0.139
Suba 0.811 {0.0032| 0.0601 | 0.02 0 [0.0181 | 0.66 | 0.77 | 0.326
Barrios Unidos | 0.701 | 0.0128 | 0.259 | 0.08 | 0.08 | 0.101 | 0.75 0.9 | 0.350
Teusaquillo 0.529 [0.0512| 0.589 | 0.32 0 |[0.0648 | 0.74 0.9 | 0.366
Miartires 0.247 [0.0288 | 0.32 0.08 0 [0.0162 | 0.66 0.7 | 0.186
Antonio Narifio | 0.081 0 0.00142| 0.08 0 0.145 | 0.67 0.8 0.116
Puente Aranda | 0.162 | 0.0008 | 0.0128 | 0.08 0 0.02 | 0.69 0.7 | 0.126
Candelaria 0.401 [0.0648 | 0.658 | 0.68 0 0.328 | 0.67 0.9 | 0426
Rafael Uribe 0.0526 | 0.0008 | 0.043 | 0.08 0 0.042 | 0.65 0.9 | 0.103
Ciudad Bolivar | 0.395 | 0.0008 | 0.043 | 0.02 | 0.08 | 0.022 | 0.64 0.9 | 0.206
Bogotd 0.41 |0.0039| 0.0536 | 0.092 | 0.04 | 0.0379 | 0.664 | 0.8630| 0.2246
Table 8: Total risk of Bogota

Locality Ry F Ry

Usaquen 0.386 0.309 0.505

Chapinero 0.264 0.245 0.329

Santafé 0.314 0.478 0.464

San Cristobal 0.175 0.707 0.298

Usme 0.253 0.797 0.454

Tunjuelito 0.076 0.587 0.121

Bosa 0.152 0.701 0.258

Ciudad Kennedy 0.092 0.643 0.150

Fontibon 0.105 0.358 0.142

Engativa 0.139 0.521 0.211

Suba 0.326 0.369 0.446

Barrios Unidos 0.350 0.302 0.456

Teusaquillo 0.366 0.193 0.436

Martires 0.186 0.325 0.246

Antonio Narifio 0.116 0.407 0.163

Puente Aranda 0.126 0.391 0.175

Candelaria 0.426 0.631 0.694

Rafael Uribe 0.103 0.635 0.169

Ciudad Bolivar 0.206 0.700 0.350

Bogotd 0.225 0.663 0.374
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Figures 7 to 11 display graphically the results of the holistic evaluation of the
seismic risk of Bogota using the proposed model. These figures show that the
locality of Candelaria has the most critical situation from the point of view of the
physical and total seismic risk, because its impact factor is significant, although it
is not the highest of the city. The localities with greater impact factor are Usme,
San Cristobal, Bosa and Ciudad Bolivar, whereas the lowest values are those of
Barrios Unidos, Chapinero and Teusaquillo. High values of the greater physical
risk index, in addition to Candelaria, are the localities of Usaquén, Barrios Unidos
and Teusaquillo, whereas the physical risk index is less in Ciudad Kennedy and
Tunjuelito. The greater values of total risk index appear in the localities of
Candelaria, Usaquen, Santaf¢ and Barrios Unidos, and the smaller values are those
of Ciudad Kennedy, Fontibon and Tunjuelito.

Physical risk index, Ry
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Figure 7: Physical risk index, Rp, for the localities of Bogota
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Total risk index, Ry
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Figure 8: Total risk index, Ry, for the localities of Bogota

Phisycal risk factor, R
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Figure 9: Physical risk index for the localities of Bogotd, in descendent order
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Impact factor, F
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Figure 10: Impact factor for the localities of Bogotd, in descendent order

Total risk index, R
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Figure 11: Total risk index for the localities of Bogota, in descendent order
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Riesgo total, I gy
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Figure 12: Total risk index for the localities of Bogota, obtained with the Cardona’s model

3. EXAMPLE OF APPLICATION: SEISMIC RISK OF BARCELONA

The city of Barcelona, Spain, is subdivided in ten districts (see Figure 13), which
are directed by a Mayor. The districts have management competences in subjects
like urbanism, public space, infrastructure maintenance, etc. They are: Ciutat Vella,
Eixample, Sants-Montjuic, Les Corts, Sarria-Sant Gervasi, Gracia, Horta-
Guinardd, Nou Barris, Sant Andreu and Sant Marti. The districts are subdivided in
38 neighbourhoods or large statistical zones. Barcelona is also subdivided in 248
small statistical zones (ZRP). The physical risk index was calculated from a
probabilistic risk scenario developed in the framework of the Risk-UE project
[ICC/CIMNE, 2004]. This scenario was calculated considering the 248 small ZRP
zones. The impact factor was calculated by district, due to the availability of data at
this level only.

Figures 14 to 16 show the results for the physical risk index, the impact factor and
the total risk index for Barcelona using the model proposed above. Details about
the calculation can be seen in Carrefio et al. (2005, 2006).
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Figure 14: Physical risk index for Barcelona, using the 248 small statistical zones (ZRP)
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Impact factor, F, for Barcelona
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Figure 16: Total risk index for Barcelona, using the 248 small statistical zones (ZRP)

5. CONCLUSIONS

Risk estimation requires a multidisciplinary approach that takes into account not
only the expected physical damage, the number and type of casualties or economic
losses, but also other social, organizational and institutional factors related to the
development of communities that contribute to the creation of risk. At the urban
level, for example, vulnerability seen as an internal risk factor should be related not
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only to the level of exposure or the physical susceptibility of the buildings and
infrastructure material elements potentially affected, but also to the social fragility
and the lack of resilience of the exposed community. The absence of institutional
and community organization, weak preparedness for emergency response, political
instability and the lack of economic health in a geographical area contribute to
increased risk increasing. Therefore, the potential negative consequences are not
only related to the impact of the hazardous event as such, but also to the capacity to
absorb the impact and the control of its implications in a given geographical area.

For the modelling, a simplified but multidisciplinary representation of urban
seismic risk has been suggested, based on the parametric use of variables that
reflect aspects or factors of such risk. This parametric approach is not more than a
model formulated in the most realistic possible form, to which corrections or
alternative figures may be continuously introduced. The consideration of physical
aspects allowed the construction of a physical risk index. Also, the contextual
variables (social, economic, etc.) allowed the construction of an impact factor. The
former is built from the information about the seismic scenarios of physical
damage (direct effects) and the latter is the result from the estimation of
aggravating conditions (indirect effects) based on descriptors and factors related to
the social fragility and the lack of resilience of the exposed elements.

This new model for holistic evaluation of risk facilitates the integrated risk
management by the different stakeholders involved on risk reduction decision-
making. It permits the follow-up of the risk situation and the effectiveness and
efficiency of the prevention and mitigation measures can be easily achieved.
Results can be verified and the mitigation priorities can be established as regards
the prevention and planning actions to modify those conditions having a greater
influence on risk in the city. Once the results have been expressed in graphs for
each locality or district, it is easy to identify the most relevant aspects of the total
risk index, with no need for further analysis and interpretation of results. Finally,
this method allows to compare risk among different cities around the world and to
perform a multi-hazard risk analysis.
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Summary

This paper develops an improved analytical model for predicting the damage
response of multi-storey reinforced concrete frames modeled as an elastic beam-
column with two inelastic hinges at its ends. The damage is evaluated in the hinges,
using the concentrated damage concepts and a new member damage evaluation
method for frame members, which leads to a meaningful global damage index of
the structure. A numerical procedure for predicting the damage indexes of the
structures using matrix structural analysis, plastic theory and continuum damage
model is also developed. The method is adequate for the prediction of the failure
mechanisms. Numerical examples are finally included

KEYWORDS: Damage estimation; Global damage; Plastic-damage model;
Reinforced concrete frames.

1. INTRODUCTION

The constitutive models based on the Continuum Damage Mechanics and the
development of the numerical techniques enables to retake existing structural
models and improve their capacity of evaluating the global damage state of
reinforced concrete building. Plastic theory can be used as mathematical
framework to treat permanent strains. However, in particular geomaterials, such as
concrete, permanent strains are caused by microcracking, what leads to permanent
stiffness degradation. In those cases, the plasticity theory itself is not satisfactory to
represent the stiffness degradation, and therefore it is necessary to use another tool,
the Continuum Damage Mechanics.

Using the works of Kachanov (1958), Continuum Damage Mechanics became one
of the most studied subjects in Solids Mechanics. The main idea is defining a new
damage internal variable which describes the evolution of microcracks and
microvoids and their influence on the behaviour of the material. This simple and
general idea has been used for modelling, until the local fracture, most of the
construction materials. Initially introduced for metals, the Continuum Damage
Mechanics was later adapted to materials such as concrete (Oller 2001). Currently
there are some models in which plasticity and damage are coupled (Simo and Ju
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1987; Lucciomi et al. 1996). This approach has the advantage of allowing the
development of constitutive independent laws which simulate materials in which
the plastic deformation is not significant, as in the case of concrete, ceramic and
ceramic composites.

Nowadays, Continuum Mechanics is still not the most suitable analysis framework
for certain civil engineering structures, like framed structures which are usually
modelled by means of bar elements, while continuum mechanics is used mostly in
the case of finite elements models of the structure. Perhaps the main inconvenience
in the use of finites elements consists in the fact that the most of the results
obtained will be useless or of little practical utility for the structural designer. In
this article we use the computational advantages of the matrix formulation for
framed building structures, together with the complexity of the plastic-damage
constitutive models.

Nonetheless, plasticity theory has been successfully adapted to frame analysis
using the concept of lumped plasticity models, in which it is assumed that plastic
effects can be concentrated at special locations called plastic hinges. This approach
can be justified since in frame analysis the deformation is usually concentrated at
or very near the end of the beams, and these are the only results of the frames
analysis usually used by the structural designer.

Using the lumped plasticity model, Cipollina et al. (1995) and Florez-Lopez (1995)
adapted the damage models to frame analysis in which the damage is concentrated
on plastic hinges, the concentrated damage model. A value of the concentrated
damage at the hinge equal to 1 reflects complete loss of strength while a value 0
means no damage. However, this method has the inconvenient that only refers to
the damage at the hinge, and do not take into account the effect of cumulative
plastic deformations under cyclic loading. Another inconvenient is that, once the
concentrated damage index is located at the end of the frame member, is not
possible to determine the real damage state of the member.

Based on method proposed by Hanganu et al. (2002), we will present one global
damage evaluation method based on continuum mechanics principles in which the
label “member damage” will be applied only to damage indices describing the state
of frame member while the “global” damage indices will refers to state of whole
structure. Both damage indices, member and global, presented herein are
independently from the chosen constitutive models for the structural material.

This feature converts the proposed member and global damage indices into a
powerful general tool for structural assessment. Moreover, it is applicable directly
to both static and dynamic analysis and to estimate the damage produced by
seismic actions in reinforced concrete building structures.

This paper will describe the procedure to use plastic-damage models in frame
analysis, with application to reinforced concrete structures, in accordance with the
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classic theories of Continuum Damage Mechanics and classic theories of plasticity.
These theories will give support to the implementation of the member and global
damage indices. What distinguishes this work from others is the fact the complete
plastic-damage constitutive model, as well as the global damage, is here
implemented into a frame analysis algorithm, which is briefly outlined. Finally, we
will validate the method trough analysis of framed structures, as a single story bay
frame structure, a simply supported reinforced concrete beam, and by a 2 story bay
reinforced concrete frame structure.

2. BASIC DEFINITIONS

Let us consider a plane frame with b elements, connected into » nodes. The
displacement of the structure is studied during a time interval [0,7']. At time #=0

the state of the structure is denoted as ‘initial or undeformed configuration’. The
configuration of the structure will be called ‘deformed’ for any 7>0. As a
reference, we will consider a couple of orthogonal coordinate axes X and Y to
define the position of each node in any configuration. During the deformation of
the structure, this coordinate system is assumed to be stationary.

Beams or columns extremities define the frame elements, where joints i and joint
j indicate an element. Conventionally, the direction of each element is defined by
the i—j nodes. Each joint has three degrees of freedom. For example, the
generalized nodal displacement in a node i s can be defined as
{wi}T"={q, ¢, ¢q;}, where ¢q,,q, and ¢; indicate the node displacement in the

directions X and Y, and the node rotation with respect to the initial configuration,
respectively. In this article {¢} indicates a column matrix and [e] indicates a

quadratic matrix.

For each element b, the generalized displacement vector for nodes i—j can be
defined as {q,}"={u] wf}={q; ¢ ¢ g, ¢5 ¢} and the global
displacement {U} of the structure is

{U}Tz{ulT ul ... oul} (1)

The generalized deformations {®,} of the beam b can be defined as

@) ={¢ ¢ o 2

where ¢ and ¢, indicate rotations of the member at the ends i and j respectively

and J is its elongation.
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The generalized deformations {®,} can be expressed in terms of the global
displacement {U} by

(@} =[B, {U} 3)
where [B,].is the global displacement transformation matrix.

The generalized “effective” stress vector of the frame element b is defined as

{Mb}Tz{m,« m; n} “4)

which contains the final forces of the member, where m, and m; are the moments

at the ends of the member and # indicates the axial force. The internal force is the
sum of all generalized effective stress {M,}

3n

{Fuf=2[B.] {M,} )

b=l

The structure is subject to concentrated forces and moments only on the nodes,
grouped into a vector {F,,}

T
{Fext} :{ﬁaﬁaﬁ """ ﬁn—2a](3n—l,f3n} (6)
%,—/
forces on node 1 forces on node n

Using now the expressions of the inertial and internal forces, the equation of quasi-
static equilibrium of the nodes is expressed as:

{Fu} ~{Fu } =0 ™)

The relation between generalized stress and the history of deformations can be
expressed as follows:

(M, =[5 (@,)]{@,) or {@,} =[F; (M,)](M,} ®

where [S(®,)] and [Fg¢(M,)] indicate the local elastic stiffness and flexibility

matrices, respectively. They are defined according to the deformed configuration of
the member.

In the case of small deformations, the elastic stiffness and flexibility matrices
remain constant. In this context, the equation (8) can be rewritten as

[M,]=[S5]{®s ) or {@4 ) =[F;]{M,] ©
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with [S¢]=[F¢]"! being the stiffness elastic matrix.

Inserting equation (9) into (7) and expanding the expression as a function
of displacements:

ERCYRENAN| USRS (10)

b=1

Internal Force

2[BI1:[S¢]:[B,]=[K¢] is the global stiffness matrix.

3. CONCENTRATED PLASTICITY APPROACH FOR FRAME
MEMBERS

For many reinforced concrete cross sectional shapes, the spread of plasticity
starting from the ends of the members along the length is not very significant, and
the deformation is concentrated at or very near the cross sections of the ends
(Deierlein 2001). Therefore, we will assume that all the plasticity is concentrated at
the end cross section. We also assume that the plastification of the end cross
section is sudden, rather than gradual or fiber-by-fiber, and that the material
behaves in a perfectly elastic plastic manner.

3.1 Lumped plasticity model

A constitutive equation can be obtained relating the generalized stress {M,} with
the generalized deformations {®,} by using the ‘lumped dissipation model,

considering plasticity, hardening or any other energy dissipation. Energy
dissipation is assumed to be concentrated only at the hinges, while beam-column
behaviour always remains elastic. With these concepts, we can express the member
deformations as:

(@} =[F;]: (M, } +{®7} (11)

The term [F¢]:{M,} = {®¢} corresponds to the beam-column elastic deformations,

while {®/} is called ‘plastic hinge deformations’:

(o7 ={gr op o7} (12)

where ¢” and ¢/ represent the plastic rotations of the member at the ends i and j

respectively, and &7 is its plastic elongation.
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Using the generalized stress {M,} from the equation (11), we will obtain:

{Mb}z[S;’]:({(I)b}—{(Df}) (13)

Equation (13), assumes that plastic hinges produce when the load on structure
increases, until the structure becomes unstable (or a mechanism) due to the
development of various plastic hinges. Once a mechanism formed, the structure
continues to deform until the final instability is detected by the singularity of the
global stiffness matrix.

3.2 Internal variable evolution laws and plastic functions

For the internal variables defined in Equation(12), the plastic deformation
evolution laws (Cipollina et al. 1995) is:

gr=ir L iy L
) . afil . of; / (14)
or =2 n + A7 r.

where f; <0 and f; <0 are the yield functions of hinges i and j, respectively.
These functions depend on the generalized stress {M,} and also depend on the
internal variables and plastic multipliers A and /ij’ . The plastic multipliers

according to the Kuhn-Tucker conditions are:

. AP =01if £,<0 or A7£<0
No plasticity < . . (15)
AP =01if f;<0 or A/f; <0
AP #0if f;=0 and A7 £, =0
Plasticity increment < . /i ﬂqf, (16)
AP #0if f;=0 and A/ f; =0

To plastic multiplier strictly positive, we will consider that the plastic deformation
is ‘active’; otherwise it will be called ‘passive’.

3.2.1 Plastic functions

The yield criterion or plastic function at any end is usually a function of the
bending moment at the end cross section. Simple plastic functions for initial yield
may be of the following type:

fimy) =|m;|-m, <0 f(m;)=|m;|=m, <0 (17)
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where m, is the yield moment or plastic moment..

For those cases where the influence of the force is considered, the yield function
proposed by Argyris et al. (1982) is:

ﬁ(m,)zMJr(l} — <0 fj(m.,.)=|m~"|+[lj —a<0  (18)
m n

my, n, Y y
where n, is the yield force limit (see Figure 1).
a) b)

n n

AN L N,
NEAANP”

Figure 1 - Yield Surface in m-n space: a) without hardening, b) with hardening.

It is also possible to describe yield functions that take hardening or softening into
account. For example, if we consider the hardening as functions of the plastic
rotations of the member, Equation (17) can be rewritten as (Florez-Lopez 1999):

fim)=|m, —cg?|-m, <0 fi(m))=|m; —cgf|-m, <0 (19)
where c¢ is a constant which indicates a material characteristic.

Despite the fact that the yield surface is the same for the hinges i and j, the plastic
multipliers are independent of each other. This indicates the possibility that for the
same element, one of the extremities is being plastified while the other extremity is
not. However, the equilibrium at the nodes must be verified by equation (7), which
requires the use of some interactive method, such as the Newton-Raphson method,
in order to be solved.
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4. CONTINUOUS DAMAGE MODEL

We will review some basic concepts of continuum mechanics necessary for the
subsequent development of the concentrated damage concepts (Simo and Ju 1987).

Physically, degradation of the material properties is the result of the initiation,
growth, and coalescence of microcracks or microvoids. Within the context of
continuum mechanics, one may model this process by introducing an internal
damage variable that can be a scalar or a tensorial quantity.

Let us consider C, a fourth-order tensor, which characterizes the state of damage
and transforms the homogenized tensor ¢ into the effective stress tensor ¢ (or
vice versa), clearly:

6=C':0 (20)

For the isotropic damage case, the mechanical behaviour of microcracks or
microvoids is independent of their orientation, and depends only on a scalar
variable d . For that reason, C will simply reduce to C=(1-d)I, where I is the

rank four-identity tensor, and equation (20) becomes:

(9
(-d)

G = 2n
where d is the damage parameter, ¢ the Cauchy stress tensor and ¢ is the
effective stress tensor, both at time 7. Here, d € (0,1] is a given constant.

The coefficient 1—-d dividing the stress tensor in equation (21) is a reduction
factor associated with the amount of damage in the material, initially introduced by
Kachanov. The value d =0 corresponds to the undamaged state, whereas a value
d =1 corresponds to a damaged state. The value d =1 defines complete local
rupture. Another possible interpretation is that physically the damage parameter d
is the ratio of damage surface area over total (nominal) surface area at a local
material point.

4.1 Flexibility matrix of damaged member

Considering the existence of variables, which represent the concentrated damage at
the b frame element, which can be defined as (Florez-Lopez 1993; Faleiro 2004)

D' ={d d, d,) (22)

where d; and d; are a measure of the bending concentrated damage of hinges i

and j , respectively, and d, indicates the measure of axial damage of the member.
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These variables can take values between zero, no damage, and one, completely
damaged. In the same way as the plasticity, we define that all bending concentrated
damage parameters are concentrated at the nodes.

Now, supposing existence of a flexibility matrix of a damaged member {F?}, we
have (Faleiro 2005)

(@} =[F/][{M,} (23)
{oHm =]
2 —_
a4 L |(=d)
[F ]_'657 ) 2 (24)
(1-d,)

[F9] represents the flexibility matrix of a damaged member and its inverse is the
stiffness matrix of a damaged member [S?]=[F?]". If we also include the axial

damage influence and redefine the stiffness matrix as a function of concentrated
damage vector {D,} for a element b, in small displacements, we have (Faleiro

2005)

12(-d)  6(1-d,)(1-d,) 0

[Si(Dy)]|=k|6(1-d)(A-d))  12(1-d)) 0
0 0 EA(1-d,) (25)
kL

[ —
4=(1-d)(1-d,) L

It can be observed that in the case where {D,} is equal to zero, [S¢] reduces to the
standard  stiffness elastic matrix, [S{ (D, =0)]=[S;]. If one of the bending
concentrated damage variables takes value equal to one, while the other bending
concentrated damage and the axial damage are equal to zero, then [S¢ (Db )]

becomes the stiffness matrix of an elastic member with an internal hinge at the end,
on the left or the right.

For the case where both bending concentrated damage variables acquire values
equal to one, while the axial damage is equal to zero, we obtain the stiffness matrix
of an elastic truss bar where only the axial force remains. Furthermore, the stiffness
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matrix of a damaged member[S¢ ] obtained has the same shape as presented by
Florez-Lopez (1999).

4.2 Damage evolution law

To apply the Continuum Damage Mechanics concepts to the frame analysis, it is
necessary to adapt the theory as a function of the deformations at the hinges i and
j, as well as the deformation due to the elongation ¢ . In addition, another

necessary condition is that the variable evolutions should be independent of each
other.

4.2.1 Free energy potential

Extending the free energy definition ¥ = % ¢:C:& (Malvern, 16), and redefining
its as a function of generalized elastic deformations {®$} of one b frame element

and of it elastic stiffness matrix [S¢], we obtain the free energy potential as
(Faleiro 2004)

Y (D)="! =%{<1>;}:[s;;]:{c1>;;} (26)

By rewriting (26) in terms of the rotations ¢, and ¢, at the ends of the element, as

well as the elongation o , we obtain

1( EI EI 1( EI EI 1 EA
Wi=—|4—@+2—¢; |§+—| 4—@, +2—¢ |, + —— 7 27
b 2( 7 ¢ L¢/)¢ 2( IR L¢j¢j L 27)
In equation (27) we may observe that the free energy potential is the sum of the
energies obtained by the rotations at the i and j nodes plus the elongation ¢ , in

such a way that the free energy potential can be redefined as (Faleiro 2004)

Y=Y +V)+ ¥ (28)
Where
1( EI EI
W=—| 44— +2—0¢; | 29
2( L¢ L¢/j¢ (29)
1( EI EI
Yo=—|4—¢p, +2— ¢ |9, 30
J 2( L(/?/ L¢j¢, (30)

And
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1 EA
| I 31
5=5 (1)

— El El — El El — EA
once, m; =4 ¢ + 2L 4. m; =4L 4, + 2L 4 n=L16, we can express V), W9,

and ¥§ in terms of the moments at the ends and m; , and the axial force » as

wo-lmg (32)
2
1

b ! =%n§ . (34)

4.2.2 Energy norm for undamaged structure and damage evolution
Now the undamaged energy norm vector 7 is defined in the same way as the free
energy; that is, as a function of the rotations ¢, and ¢; at the ends of the element

and by the elongation ¢, following the (Simo 12) similarity formulation (Faleiro
2004)

o =¥ =J(4ﬂ¢,~ + 2ﬂ¢jj¢f
L L
o) =\2¥ =\/(4%¢,- +2%¢,)¢,- (33)

h=\2¥5 = ETAa‘z

We then characterize the state of damage in the frame element by the means of a
damage criterion, with the following functional form

gi(fibanb)t :(Tib)[ _(}/;'b)t <0
gj (Z'j?,l’_']-b )1 :(T}) )t _(rjb )t = 0 (36)
8s (Tg’réb)t :(Tg)t _(rﬁb)t <0

Here, the subscript ¢ refers to value at current time 7€ll ., #°,r/ andr) are the

damage threshold at current time for the rotations ¢ and ¢; and the elongation
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o , respectively. We can consider the existence of one vector 7, for =0, which
denotes the initial damage threshold before any loading is applied, defined as

(), ] |, =J§

where m, and n, are the bending moment and axial force limits. The vector r, can

(37

be considered as a property characteristic of the element, in way that we must have
rt>rp.

Condition (equation (36)) states that damage in the element is initiated when the
energy norm vector 7’ exceeds the initial damage threshold 7. For the isotropic
case, we define the evolution of the damage variables by

d,— =ﬂ;,-d ((T}’)t,d,-) (,;ib)t :/’L_d
D) = AH(e) DY) =4d, = A ((z}),.d,) it =49 =1(#),=4f  (38)

d,=¢H((c}),.d.) (72), =4

t

where A7 >0, /1;’ >0 and A¢ >0 are damage consistency parameters that define
damage loading/unloading conditions according to the Kuhn-Tucker relations

A 20; 0 g((z0),.(r),)<0; Adg =0

A 20 g, ((2),.(r),)<0; Afg, =0 (39)

Ag=0 gs((22),.(r2),)<0; Adgs =0
Let us now analyze the concentrated damage evolution at hinge i . Conditions (39)
are standard for problems involving unilateral constraint. If g; <0, the damage
criterion is not satisfied, and by condition (39)s, A4, =0, hence, the damage rule
(38) implies that d, =0 and no further damage occurs. If, on the other hand,
A¢ >0, further damage (loading) is taking place, condition (39); now implies that

g, =0 . In this event the value of 4, can be determined by the damage consistency
condition, i.e.

g((2),.(),)=&((2),.(r),) = 0= A7 =(2}), (40)
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Finally, (7*), can be given by the expression

(r,-”)l =max{(r,-”) max(z’,—” )g} 41)

0 ,SE(O,I)

By applying to the other parameters, we obtain

max{(,— )o’gl(%),()( )x}
_max{ro,g%(%) }— max{(rﬁ)o gggag(rﬁ’)} (42)
max{(l’» )0,{2%1?,()(7 )A}

If now we consider that H(z?,D?) in condition (38) is independent of the vector
{D?} and assuming that the existence of one function monotonic G, such that
H(z})=0G(z})/0(z}), the damage criterion defined in (36) can now be rewritten
in relation as a function of G, i.e. at hinge i, by g,( h.rb )t = G(T,-b )t - G(r,-b )t <0.

In this way, the flow rule (38) and loading/unloading conditions (39) become

df =/i,-d 8G((z',-b )t ’(r"b )t)
o),
(7). o
for} =1 2D gy ST AT S
"' (7), =44
. 8(;((Tg)t ,(l"5 ) )
d,=1¢
6(2’§)

Ad >0; g,-((rib) (I”,”))<0, g, =0
A =0: g,((1),.(r),)<0: Afg, =0 “44)
20 go((eh),(),)<0; Afgs =0

Carrying through the integration in the time of the rate concentrated damage
vector, the result is an expression that indicates the evolution of the damage
variables as
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(D} =G(et)=1d,=G((}),) (45)
d,

The function G can be defined in relation with of the type of analysis. In our work,
one expression used was the exponential softening proposed by Oller (2001)

@
(Tb)[ A1- z’,”o 1 .
G((r,f)t)zl—@e[ ({)/];Azﬁ;ke(z,]ﬁ); (46)
0 : - —

(rkb )02 2

where the parameter g, represents the fracture energy of the material, parameter

derived from fracture mechanics as g, =G, //., where G, is the fracture energy
and /., can be defined as the characteristic length of the fractured member (Oller

2001) or alternatively as /. = JA where A is the element section area (Salamy et
al. 2005).

5. PLASTIC-DAMAGE MODEL FOR REINFORCED CONCRETE
FRAMES

Elastic damage or elastic plastic laws are not sufficient to represent the constitutive
behaviour of reinforced concrete. In some damage models, during the
loading/unloading process, a zero stress corresponds to a zero strain and the value
of the damage is thus overestimated (Figure 2b).

An elastic plastic relation is not valid either, even with softening, (Figure 2a), as
the unloading curve follows the elastic slope. A correct plastic-damage model
should be capable of representing the softening behaviour; the damage law
reproduces the decreasing of the elastic modulus, while the plasticity effect
accounts for the irreversible strains (Figure 2c). There are three ways to represent
this behaviour (Luccioni 2003):

One of these ways, based on a plastic-damage coupled model, evaluates the
damage and the plastic behaviours at the same time. The free energy can be
expressed as the sum of elastic energy with the plastic energy, both of them
influenced by the damage parameter

Y=Y, (cd)+¥,(Ar,d) (47)
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Another option to assume the free energy to be the sum of the elastic energy with
the plastic energy and one term dependent of the damage. The result is that the
dissipation energy is influenced by the damage parameter as the plasticity
parameter

Y=Y, (c.d)+¥, (A7 )+ ¥, (A7) (48)

B, =Wd—ArAd (49)

The last option is to consider that damage and plasticity are uncoupled following
their own laws independently; this way can be used when there are permanent
deformations.

b) O
o o
E, E,
(1-d)E,
(1-d)E|
%/_/ < W
& \ &
&
Plastic model Damage Model Experimental behaviour

Figure 2 - Loading-unloading behaviour: simulated behaviours and experimental behaviour

5.1 Plastic-damage model

5.1.1 Thermodynamic references

As commented before, in the concrete of reinforced concrete elements, the damage
effect modifies the constitutive plastic equation for small deformations by the
degradation of the stiffness. New constitutive equation is formulated without time
variation of temperature for thermodynamically stable problems, using the
following mathematical formulation for the free energy constituted by elastic and
plastic terms (Oller 2001, Faleiro et al. 2004)

¥(®°,D,q7,q¢)=¥¢(®,D,q¢)+ ¥ (q") (50)

where W» is a plastic potential function and ‘I’e((I)E,D,q”’ ) is the initial elastic

stored energy. Additionally, g» and ¢¢ indicate the suitable set of internal (plastic
and damage, respectively) variables and the elastic deformations {®¢} is the free
variable in the process.
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For stable thermical state problems, the Clausius-Duhem dissipation inequality is
valid and takes the form

E={M}:{®|-¥>0 (51)
This inequality is valid for any loading-unloading stage. Taking the time derivative

of equation (50) and substituting into (51) the following equation is obtained for
dissipation

-

= {M}—W :{cb}+a‘l' :{d)p}—a‘l'qd—a‘l’quo (52)
o« ome oq“ oq”

In order to guarantee the unconditional fulfilment of the Clausius-Duhem

inequality, the multiplier of {®} representing an arbitrary temporal variation of the

free variable must be null. This condition provides the constitutive law of the
damage problem

oY .
[{M} o } >0  vi{®} (53)
from where the final generalized stress of member can be defined as
oY,
M, = 54
=2 (54)

Once imposed the condition {®¢}={®,} —{D®}}, the free energy for an elastic-

plastic frame element with stiffness degradation can be written for small
deformations as

¥, (®;,D,,q7,q") =%({(I)b} —{@7}):[81(D,)]:({®,} - {@F})+ ¥ (47)(59)

where the stiffness matrix of the damaged member S¢ (Db) is the same matrix

defined in (25). By replacing this last equation in (54) one arrives at the expression
for plastic-damage analysis (Cipollina et al. 1995, Florez-Lopez 1995, Faleiro et al.
2004)

M, } =[8{(D,)]:({®,} -{@1}) (56)
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6. MEMBER AND GLOBAL DAMAGE INDICES

6.1 Member damage index

The idea for the member damage index definition stemmed from a macroscale
analogy with the continuous damage model definition. Thus, the starting point for
deducing the member damage index is by the assumptions that we can express the
free energy W, of a member with the non-damaged free energy W9, defined in

equation (31), as:
¥, =(1-D)")¥; (57)

where D} is the member damage index. The free energy ¥, of a member can be
defined in terms of the concentrated damage vector {D,} as

1

¥, (D) =2 { @ }:[S7(D,) ]+ {0 (58)
considering
(1-d)m;
[Si(Dy)]:{®,} =3 (1-d)m, (59)
(1-d)m;

and using (34) and (59), equation (58) can be rewritten as
¥, (D,)=(1-d)¥ +(1-d,)¥+(1—-d,)¥} (60)

Solving (57) for DM, we obtain

¥, (D 1-d)¥)+(1-d,)¥)+(1-d,)¥S
pp =1 X (D) | (=d)¥)+(1=d))¥) +(1=d)¥} 61)
& ¥+ WY+ W
d ¥ +d, ¥ +d, ¥
D) = (62)

¥+ W)+ WS
which is the expression for member damage index for a frame member.

6.2 Global damage index

The global damage index can be defined as the sum of all free energy ¥, of a
structure divided by the sum of the non-damaged free energy ¥
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3n

Swp) (e [st (o))

|- (63)

3n

Sv Yese)

b=1

DG:1

where D; is the global damage index. Replacing [S;;]{(Db} ={M,}, as well as
[S{(Dy)][{®,} ={M,}, and assuming that {®,}" ={U}"[B,], equation (63)

becomes

@[S0 (U} S8

Dy=1-21_ —l-—— (64)
Stogdsile) () B )
RS -

T
{U} {Fu}
where {F,,} is the linear internal forces vector should the material preserve its

original characteristics and undergo the actual deformation, and {FZ} is the

nonlinear internal forces vector in the actual deformation. This global damage
index is similar to that proposed by Hanganu et al. (2002) and Barbat et al. (1998)
for finite element analysis.

The global damage index, as well as member damage index, is basically tools for
assessing the state of a structure. However, unlike the member damage index,
which refers only to the damaged state of a member, the global damage index gives
a measure of the structural stiffness loss, since the nonlinear internal forces {FZ,}

can be influenced not only by the damage but also by the plasticity.

7. NUMERICAL IMPLEMENTATION OF THE PLASTIC-DAMAGE
MODEL

The most important results obtained by using the proposed model are:
Deformations {®}, stresses {M}, internal forces {F,,}, plastic deformations
{®r} or/and concentrated damage vector {D} the member damage index and

global damage index and, if necessary, the remaining internal variables and their
associated forces for each member of the structure.
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These results are obtained by using the equilibrium equations (7) (quasi-static
problems) together with the state law (56) in accordance with the internal variables
evolution laws (16), and (44).

Table 1 shows the implicit Newmark time integration scheme used for quasi-static
problems.

Table 1 - Nonlinear time integration scheme (Newmark)

A. First iteration (passage from time instant 7 to time instant #+1/)
Update relevant matrices in the time 7+1

[Kjl)] _ "iﬁm[Bﬂ : [SZ (D" )] :[B,]
Compute:

(RO} =R} -[KOJ{U s (D)7 ={p) 5 {or)) =for}

B. Loop over global convergence iterations: nth iteration
1.Calculate the first approximations for the iteration n:

[ ~{ G| =T [} )+ )
t
2. Compute the member stresses and internal variables:

(@) =[B,){Ur}: (M} =[s,(0,) ]: (1@} - {or])

3.Updates relevant matrices

nelements
(n)

()= 2 TR et (R = (i -2

3. If the residual forces norm ”IAT,(") / ||Fm (t)" <TOL , end of iterations and beginning of the

computations in the next time step. If not, back to step 1 and proceed calculating.

Let us now focus our attention on the calculation of the member stresses and of the
internal variables (Table 1.B.2).

The plastic and damage parameters can be calculated separately, as explained in
Section 5. This assumption comes from the observation that damage is linked with
the concrete, while plastification is related with the steel.

Therefore, the damage and the plastic evolution can be determined by the equations
(35)-(45) for damage and equation (14)- for the plastic behaviour. Table 2 shows
the procedure for determining the parameters.
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Table 2 - Procedure to the determinations of the damage and plastic parameters.

I. For each b elements at nth iteration:

1. Generalized deformations at the step: {®, }i") =[B,]:{U}
2. Verification of the evolution of the damage:

i. Update of the internal variables: {D,}” ={D,}"" ; {r,}"" ={r,}""

t t t

(n)
t

(n)

ii. Determination of the undamaged energy norm vector: T}, = \/ (@S, {®,)!

t

iil. Verification of the evolution of the damage:

If g(rg,(rb )E”)) <0 No damage evolution =3,
iv. Update of damage variable: {D,}"" = G(z’fl’) )
v. Update of damage threshold: {r,}"" = {tf}J}

3. Verification of the evolution of the plastic variable:
i. Determination of generalized effective ‘trial’ stress and update of internal variables:

o), =00 ¢ {og'),~{o']"

t t

ii. Plastic evolution k = k+1:
{IV[Z‘iﬂl}k - [S"] : ({(Db}in) B {A(D’I’) }k—l)

iii. Verification of flow conditions and determination of plastic multiplier

(iip )k =0 if f[(ﬁ;md )k—l _<qu)k—l ]j <0 or (/1",) )k |:f’ :|k—] <0
(A7), =0 if f[(n—q;”"")kfl ~(ag"), l <0 or (#7) [£] <0

No plasticity evolution =4.

(4), 20t s{(),, ~(80"),, | =0 or (#7),[£],, =0
(A7), =0 it (), ~(ag"), | =0 o (17),[7],, =0

J
Plastic evolution—3.iv
iv. Update of plastic variables and of the generalized effective ‘trial” stress:
v. Back to 3.ii
4. End of the process of plastic correction

o} ={awp} o (9] ={ag’),

5. Achievement of the final generalized stress on the step »:

1 =[5, 0, o (01 oz

6. End of integration process of the constitutive equation.
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8. NUMERICAL EXAMPLES

8.1 Example 1: Model validation using a simple framed structure

The objective of this first example is to validate the proposed model and to
evaluate the related concentrated damage and the global damage index of a
structure. For this reason, we will analyze the results obtained by means of the
proposal nonlinear frame analysis method in comparison with results obtained by
means of a more refined finite element (FE) model.

The analyzed frame is 4 m high and 4 m wide loaded with two point forces (Figure
3a). The columns have a 8,43 cm X 5,62 cm cross section, the horizontal beam is
5,62 c¢m thick and 12,65 cm wide.

Two FE models have been considered (Oller et al. 1996), the first one was modeled
using the Timoshenko 3-noded beams elements to represent the structure (see
Figure 3d) and the second was modeled using 75 2D 8-noded quadrilateral
elements (see Figure 3e).

a) b) <)
2 3 4 40,
11, oo 21
2F
F > 5 >
\/z sg >
5
g ! 1
£
O
§ \]\ 5,62 cm d) C)
g 8,43 cm 40, 100, 60, 100 , 100 ‘\ J‘ J‘ JI
; 6
E e g 2
lhn (=]
8

I 200 cm I 200 cm I

40,100 | 120

Figure 3 - Geometry of the studied frame. a) Geometry and cross section b) numeration of
the nodes of for frame with 3 elements , ¢) numeration of the nodes of for frame with 20
elements; d) FE mesh using Timoshenko 3-noded beams elements, ¢) FE mesh using 2D 8-
noded quadrilateral elements.

Three frames models have been considered; the first one the frame was discretized
by only 3 frame elements, one to defines the column and two to defines the beam
(see Figure 3a), the second frame the column and the beam are represented by 10
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frame elements (see Figure 3c) and the in last frame, it was adopted the same
division of the 3-noded beams elements described in Figure 3d.

In all cases, elastic modulus was E =2.110°MPa while for the frame analysis it
was assumed that the ultimate moment were m, =45kNm, for the beam, and
m, =20kNm for the column. The material was assumed a perfect elastoplastic
law, such that, once reaches the elastic limit o, =200 MPa, it yields indefinitely at
constant stress.

Figure 4 shows the results of the evolution of the force versus the displacement in
the left upper corner of the frame obtained by each model, where we can notice that

the results obtained with the proposed frame analysis model are in a good
agreement with the results obtained by using the FE model.
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Figure 4 - Comparison of the force-displacement curve for FEM results with results
obtained by using the proposed plastic-damage model.

The evolution of the moment at the column base is shown in Figure 5, where a
comparison is made among the results obtained with the proposed method for
different frame models.

The evolution of global damage index for each frame is shown in Figure 6. We also
monitored the concentrated damage at the base and the top of the columns for each
frame, once it is clearly expected that the structure will fail due to the weakening of
the column. Studying together these three graphs we can analyze the behaviour of
each frame.
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Observing the results in Figures 8 and 9 we can conclude that, although the
concentrated damage effect in the frame analysis influences on the deformation and
load capacity, it is the plasticity by means of the plastic hinges, and not the
damage, what conditions the numerical stability of the structural analysis.

This behaviour is in agreement with the assumptions that the structure continues to
deform until the final instability is detected by the singularity of the global stiffness
matrix, caused basically by the increment of the number of the plastic hinges in the
frame than by the evolution of the damage.
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Figure 5 — Moment on the column base versus displacement at the left upper corner.

We can notice that before the concentrated damage beginning, all frames present a
perfect plastic behaviour, represented by a straight horizontal line (see Figure 5).
When the analysis stops, at 0 =44 cm for the 3 elements frame and at 6 =33 cm

for the others frames, the stiffness matrix becomes singular due to the presence of
hinges (i.e, the nodes 3 and 1 in the first frame), and we can no longer perform the
structural analysis.

This statement also can be confirmed by the fact that the damage at the column
base is less than the global damage index for all cases (see Figure 5). The same
curves are obtained for the frames modeled with 10 and 20 elements for both force-
displacement relation (Figure 4), moment-displacement relation (Figure 5), global
damage index evolutions and evolutions of the damage for the columns (see Figure
6).
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Analyzing the damage in the frame modeled with 3 elements, the beginning of the
concentrated damage at the top of the column is closer to the beginning of the
concentrated damage at its base, and both have almost the same final value.
Meanwhile, for the frame with 10 elements and with 20 elements, the damage at
the top begins at very high loads while the damage at the base begins almost at the
same instant when plasticity begins. In both frames the final value obtained for the
concentrated damage at the base is higher than the value obtained at the top of the
column.
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Figure 6 — Evolution of the global damage index (GDI) and the concentrated damage at the
base and at the top of the column.

For the frame modeled with three elements, it can be seen clearly that the evolution
of the global damage index is not related only due to the concentrated damage
evolution but also to the plasticity evolution at the hinges.

We can also notice that for both the frames modeled with 10 elements and with 20
elements, the global damage index rapidly reaches high wvalues for low
deformations, what implies that the concentrated damage has more influence on the
structural collapse than the plastic hinges, that is, the structure has little tendency to
deform.

This can be due to the fact that the column and the beams are composed by several
elements, dispersing the effect of the plasticity, while the damage is more
concentrated at the base of the column. In conclusion, the behaviour of the
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structure can be influenced by the number of elements and, therefore, the results
obtained are smaller than it is expected.

8.2 Example 3: Model validation using a reinforced concrete framed structure

The objective of this example is to compare the results obtained by using the
plastic-damage model described in this paper with the results of a quasi-static
laboratory test performed by Vechio and Emara (1992) on a reinforced concrete
frame.

Barbat et al. (1997) have already performed a numerical simulation of the
behaviour of the tested frame, but using a viscous damage model, implemented in a
finite element program. A complete description of the geometrical and mechanical
characteristics of the frame, as well as of the loads, is given in Figure 7.
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Figure 7 - Description of the geometrical and mechanical characteristics of the frame of
Example 3

The laboratory test consisted in applying a total axial load of 700 kN to each
column and in maintaining this load in a force controlled mode throughout the test,
which thus produced their pre-compression. A horizontal force was afterwards
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applied on the beam of the second floor, in a displacement-controlled mode, until
the ultimate capacity of the frame was achieved (Vechio and Emara 1992).

In the numerical analysis of the frame the plastic constitutive equation used only
takes into account the bending moments (equation (17)), while the lineal damage
equation proposed by Oller (2001) has been considered for determining the damage
variable evolution, using in this case a fracture energy G, equal to 250N/m .

The curves in Figure 7 relate the horizontal forces and the displacements of the
second floor beam and correspond to the load-unload laboratory test case and to the
computer simulation using a viscous damage model (Barbat et al. 1997) and the
plastic-damage model proposed in the present paper.
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Figure 8 - Comparison of the experimental results with results obtained by using the frame
analysis with the proposed platic-damage model, and a finite element model.

The results are reasonably in agreement, taking into account the little
computational effort required by the calculation of the model. In the first load-
unload cycle, marked by point number two in Figure 8, the presence of residual
deformations can be observed in the experimental curve, while in the numerical
curve this does not occur. This is because the plastic-damage model still not reach
the plastic limit and the plastic deformations are assumed to occur only after the
yielding of the reinforcement.

Nevertheless, when one of the elements reaches the plastic limit, it is possible to
observe the influence of the plastic hinge on the curve. This situation is noticeable
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by the residual deformations represented in the subsequently unload-load cycles, at
points three and four in Figure 8. However, in the laboratory test, non-negligible
permanent deformations occurred before this, probably because of the inelastic
strains and cracking of the concrete. A plastic-damage model taking into account
this and other effects (such as confinement of the concrete, shear and dead loads) is
under development.

Damage

Global Damage Index

—o—First Column
—&— Second Column 1

—a—First Storey Beam

100 120

Displacement (mm)

Figure 9 — Evolution of the global damage and the member damage indexes at the first
floor.

Analysing the damage evolution at the first floor, shown in Figure 9, and at the
second floor, Figure 10, we can notice that the member damage begins in the first
storey beam, followed almost simultaneously by damage of the second-story beam,
after that, the damage in the first floor columns occurs and, finally, only after a
considerable increase of the deformation, the damage begins in the second floor
columns. This behaviour is in agreement with the evolution of the damage
observed in the laboratory test.

The effect of the damage in the first storey beam can also be detected in the force-
displacement curve by the point 1 in Figure 8), which indicates the end of the
elastic phase of the structure. However, in the first unload process of the frame,
(point 2 in Figure 8) indicates that, at this moment, there is only damage in the
frame model, aspect which is confirmed by the fact that the unload line returns to
zero. At this point, as it was observed in the laboratory test, the damage occurs only
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at the first-story beam, at the second-story beam and at the columns of the first
floor.

In the laboratory test, the structure looses stiffness because the propagation of the
cracks throughout all the members at the point 2. However, in the frame analysis,
the structure looses stiffness only when the plastic effect begins, for loads closer to
point 3, when yielding begins in the first floor at the base of both columns.
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Figure 10 - Evolution of the global damage and the member damage indexes at the second
floor

In the laboratory test, the first yielding was detected at the bottom of the
longitudinal reinforcement at the end of the first-story beam, followed by the
yielding at the base of both columns of the first floor. In contrast, in the frame
analysis the first yielding is detected at the base of both columns of the first floor,
followed by the yielding of the first-story beam. These differences in the sequence
of the yielding can be explained by the fact that in frame analysis the plastification
of the end cross section of the members is sudden, and not gradual, or fiber-by-
fiber, as observed in the first-story beam in the laboratory test.

The occurrence of the perfect plastic hinge at the first-storey beam and at the base
of the first and second columns of the first floor implies a change of the static
configuration for the whole structure, resulting in a slight change of the member
damage indexes. This behaviour can also be observed by the change in curvature of
the global damage index curve. Physically, this can be interpreted as the failure of
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the concrete in compression of the first floor columns and of the beams and the
ensuing redistribution of the stresses towards the steel.

Figure 11 — Sequence of formation of the plastics hinge within the frame.

Figure 11 shows the sequence of formation of the plastic hinges in the frame
analysis. Although it is different from the sequence observed in the laboratory test,
the final result is the same. Nevertheless, the final deformation obtained in the
frame analysis is less than in the laboratory tests because the structural analysis can
no longer be perform due the presence of various plastic hinges.

9. CONCLUSIONS

A general framework for the nonlinear analysis of frames based on the Continuum
Damage Mechanics and Plasticity Theory has been developed. The plastic-damage
model developed in this paper assumes that plasticity and damage are uncoupled,
have their own laws and that both are concentrated at ends of the frame members.
Within this framework, many kinds of materials and loading conditions have been
considered. Even the loading-unloading process has been simulated, and the values
obtained provide satisfactory results when compared with laboratory tests,
especially for reinforced concrete building.



98 J. Faleiro, A. Barbat, S. Oller

The proposed model proves to be an effective tool for the numerical simulation of
the collapse of frames. It could be a valuable alternative when other types of
analyse, such as those based on multi-layer models, appear to be too expensive or
impractical due to the size and complexity of the structure. The proposed model for
reinforced concrete frames exhibited a very good precision confirmed by the
examples included in the paper.

The global damage index has proved to be a powerful and precise tool for
identifying the failure load and the structural mechanism leading to failure of
reinforced concrete frame structures. This index, together with the member and the
concentrated damage indexes, provides accurate quantitative measures for
evaluating the state of any component of a damaged structure and of the overall
structural behaviour. It is an excellent tool for the seismic damage evaluation,
reliability, and safety assessment of exiting structures and which can also be used
in the evaluation of the repair or retrofitting strategies.
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Impact of fine aggregates replacement by fluidized fly ash to
resistance of concretes to aggressive media
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Summary

Fluidized fly ashes constitute a part of industrial waste used in building material
production on a small scale up to now. Concrete production is one of fluidized fly
ashes application field. This paper presents findings concerning testing of concrete
with addition of fluid combustion ashes as to aggressive media resistance -
chlorides and sulphates in particular. Fine grained aggregate has been replaced
by deposit ash (0 to 50 %). This ash originates from black coal fluid combustion in
the TZ Trinec Power Plant. Concrete samples have been exposed for a period of 24
months.

KEYWORDS: fluidized bed ash combustion, concrete resistance, resistance to
chlorides, sulphates, raw material.

1. INTRODUCTION

Paper Industrial ashes exploitation for building material production continues
permanently in the course of many years. One of wastes exploitable with concrete
production is also fluid combustion ash. To use these ash concretes in practice
there is necessary to know not only their basic physical-mechanical characteristics
but also other properties, among others their resistance to aggressive media. Our
research works have been focused on monitoring of concrete chloride/sulphate
resistance after addition of deposit fluid combustion ash.

2. FLUIDIZED BED ASH CHARACTERISTICS

Fluid ashes originate in the course of flue gases desulphurization based on direct
mixing of fuel with desulphurising reagent (generally lime or dolomite in some
cases) before combustion or during it. There are many production processes; most
of them are patent covered. Generally all these processes are based on calcination
of present desulphurising reagent to CaO and its subsequent reaction with sculpture
oxides along with oxidation of sulfur dioxide to sculpture trioxide. This reaction



“Computational Civil Engineering 2006”, International Symposium 101

results in mixture of original fuel ash, unreacted desulphurising reagent (CaO with
CaCO; remains, as the case may be), calcium sulfate, ash matter product reaction
with CaO, and unburned fuel. Since fluid combustion temperatures are lower than
classic combustion ones, unreacted CaO is present in the form of so called burned
lime, therefore reactive lime. Fluid ashes are also typical for their low volume of
melt.

As a result of flue gases transport from the furnace space particular fractions of this
mixture are separated; fine parts are drifted by flue gases in the form of light ashes,
remaining more coarse parts in the furnace space. Solid substances are removed
using common technologic procedures (cyclone washers, filters). That is why each
fluid combustion unit products in principle fluid ashes of two kinds: furnace space
ash (indicated as deposit ash for instance), and light ash (indicated as cyclone ash,
filter ash, and so on). Characteristics of both these ashes are different as to physical
properties (granulometry, specific surface, density, powder density) as well as
chemical and mineralogical composition even if they originate from identical fluid
combustion and desulphurization technologic procedure. As well as with classic
ash also both kinds of fluid ashes feature disadvantage of unequal properties
namely chemical composition, density, and other parameters due to combustion
process instability and variability of input component properties (coal and
desulphurising reagent).

3. INPUT RAW MATERIAL AND CONCRETE COMPOSITION: BASIC
DATA

Material used for concrete production:
Cement : CEM I42.5 from the Mokra Cement Mill
Aggregates :
— fine - mined; BratCice Gravel Pit; fraction 0 to 4,
— coarse - crushed; Olbramovice Gravel Pit, fraction 4/ 8, and 8 / 16.

Ash : deposit fluidized bed ash of black coal fluid combustion from the TZ
Trinec Power Plant; see the Table 1 for ash chemical/physical composition.

Mixing Water : in agreement with EN 1008.
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Table 1. Trinec ash chemical/ phase composition

A. Chemical composition

Tested components Component share Tested components Component share

[%o] [%o]
SiO, 53.5 MnO 0.1
AlLO; 21.5 K,O 2.6
Fe,04 5.8 Na,O 0.2
TiO, 0.9 S 2.5
CaO 6.7 C 2.6
MgO 3.2 Annealing loss 0.46

B. Phase composition

Ash contains considerable volume of B—silica. Only small volume of anhydride has been
detected. That is why there is possible to assume low share of partly decomposed potassic
feldspar (orthoclase) and lesser share of illite and hematite.

Testing of concrete with deposit fluid ash as partial replacement of fine aggregates
has been carried out using 3 kind of concrete with variable ash content and ashless
concrete mixture as reference test sample. See the Table No. 2 for composition of
particular concrete mixtures.

Table 2. Concrete mixture composition for experimental works

BO B20 B30 B50

Concrete mixture composition per 1m® of finished product Tr Tr Tr Tr

CEM 142.5 R cement 330 330 330 330
Sand 0 to 4 mm from the Bratcice Gravel Pit 756 605 529 378
Ash from the Chvaletice Power Plant 0 151 227 378
Aggregates 8 to16 mm from the Olbramovice Gravel Pit 1069 1069 1069 1069
Mixing Water 199 199 199 199

4. WORK METHODICS

To investigate concrete resistance to corrosion there were prepared test specimens
(blocks 40 x 40 x 160 mm each) conformable to the CSN 73 1340 Standard.

After manufacturing the test specimens have been placed into moist environment
for 24 hours followed - after form removal and before exposition to corrosive
medium - by placing into water bath at 19 to 21 °C. After 28 hour hardening the
specimens have been exposed to corrosive medium action. Selection of parameters
under evaluation is based on the CSN 73 1340 Standard.

Tested specimens will be monitored in light of parameters as follows:

— appearance (visually)
— density (EN 12390-7 Standard)
— ultrasonic pulses velocity (EN 12504-4 Standard)
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— dynamic modulus of elasticity Ey, (CSN 731371 Standard)
— compression strength f.. (EN 196-1 Standard)
— tensile strength under flexure (EN 196-1 Standard)

Specimen strength has been destructive tested before exposition to corrosive
medium and after 3, 9, 15, 18, and 24 months of exposition.

Corrosive environment effect during other time periods has been evaluated based
on both ultrasonic pulse speed variation and dynamic moduluses of elasticity.

Corrosive media:

—sulphates - sodium sulphate solution (10,000 mg of SO,* in 1 litre)
—chlorides - 5 % solution of NaCl

5. FINDINGS OF CONCRETE RESISTANCE MONITORING

See the Figure. 1 to 4 for variation in compression strength, and dynamic
moduluses of elasticity depending upon concrete kind, exposition time period, and
corrosive medium.
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. - """’---i.
I "- &= - \.

0 3 6 9 12 15 18 21 24
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Figure 1. Compression strength curve depending upon exposition time period in aggressive
chloride environment
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Figure 2. Concrete modulus of elasticity variations depending upon exposition time period
in aggressive chloride environment
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Figure 3. Compression strength curve depending upon exposition time period in aggressive
sulphate environment
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Figure 4. Dynamic modulus of elasticity curve depending upon exposition time period in
aggressive sulphate environment

6. CONCLUSIONS

To evaluate concrete resistance to aggressive medium (chlorides in this instance -
12 months evaluation time period according to the CSN 73 1340 Standard) there is
necessary to ensure that no one parameter under monitoring shall decrease during
this interval.

6.1 Resistance to Chlorides

Based on monitoring results as mentioned above there is possible to state that
tested concretes with 50 % of fluid combustion ashes (place of origin: TZ Trinec
Co.) as replacement of natural aggregates are resistant to chlorides.

Other tested concretes including reference ashless concrete are unfit to stand up to
chlorides by reason of monitored parameter deterioration before expiration of 12
months exposition (6 to 9 months). Concrete with 50 % of deposit fluid ash shown
highest resistance; on the other hand concrete where 20 % of fine aggregates have
been replaced with fluid combustion ash shown least resistance.
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6.2 Resistance to Sulphates

There is possible to treat tested concrete with 50 % of fluid combustion ash
(replacement of fine natural aggregates) as resistant to sulphates.

Other tested concretes including reference ashless concrete are unfit to stand up to
sulphates by reason of monitored parameter deterioration before expiration of 12
months exposition (6 to 9 months). Concrete with 50 % of deposit fluid ash shown
highest resistance; on the other hand concrete where 20 % of fine aggregates have
been replaced with fluid combustion ash shown least resistance.
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Summary

In the paper the results of the investigation of the long — term growth of the
strength of gypsumfree cements are presented. It was found that the compression
strength exhibits a continuously rising tendency, even though the strength
increases with time are small. The tensile bending strengths of gypsumfree cements
attain their maxima at the age of 3 and 7 days, respectively and then continuously
decrease.

KEYWORDS: gypsumfree cement, strength, long — term strengths, tensile
bending strength, compressive strength.

1. INTRODUCTION

The solution of this complex of problems is not an end in itself, because the results
of tests on gypsumfree cements carried out not only by the author, but also in other
organizations e.g. (UD Brno, CVUT Prague, BUT Brno, VUPS Ostrava ) have
proved that with time there occurs, in certain cases, a decrease of the tensile
bending strengths. So far none has been systematically investigating this problem.
This is given by the fact that in practical everyday civil engineering compression
strength is mostly used as the rating of carriageways.

2. INVESTIGATION OF THE DEVELOPMENT OF GYPSUMFREE
CEMENTS STRENGTHS ON PASTES AND STANDARD MORTAR

For the monitoring of long — term strengths of gypsumfree cements have been
carried out tests of two gypsumfree cements Prachovice with different admixture
contents of the setting regulation system. This was carried out on one hand on test
specimens prepared from cement paste, on the other hand on test specimens
prepared from standard mortar. In order to eliminate the influence of the specimen
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size onto the results of the tests have been uniformly used standard test specimen
with dimensions 0,04 x 0,04 x 0,16m.

The results of the tests of strengths and specific weights of the cement paste and
standard mortar are presented in Table 1.

Table 1. Results of strength tests on gypsumfree cements for cement paste and standard

mortar
KORTAN FN
[% weight] 0.5 0.6
N32CO3
[% weight] 1.8 1.8
CEMENT STANDARD CEMENT STANDARD
TYPE OF MIX PASTE MORTAR PASTE MORTAR
w =0,24 w = 0,33 w =0,24 w=0,33

tensile 1 day 11,37 5,13 10,85 5,59
bending 2 days 12,41 8,27 11,31 8,55
strength 3 days 13,79 9,28 13,26 10,20
Gpo 7 days 14,59 10,44 14,13 11,98
[ N/mm] 28 days 13,55 10,39 13,13 11,29
comp- 1 day 55,5 31,0 54,5 32,6
ression 2 days 58,5 45,6 57,7 42,7
strength 3 days 60,7 50,2 60,4 46,0
Opd 7 days 69,8 54,0 69,0 56,3
[N/mm?] 28 days 76,6 63,0 75,8 65,1
1 day 2245 2317 2237 2317
density 2 days 2250 2326 2249 2332
D 3 days 2261 2 331 2268 2332
[ kg/m’] 7 days 2263 2338 2263 2334
28 days 2268 2 343 2265 2335
specific 2610 2 640 2 540 2 640
weight 2520 2 620 2570 2 650
p 2510 2 640 2570 2630
[ kg/m3] %] 2 547 2 633 2 560 2 640

3. MONITORING THE LONG — TERM GROWTH OF GYPSUMFREE
CEMENTS STRENGTHS

For monitoring the long — term growth of gypsumfree cements strengths have been
prepared test specimen from standard mortar in such quantities as to allow to
follow the development of strengths during a period of at least 3 years — for every
age 9 test specimens were tested.




“Computational Civil Engineering 2006”, International Symposium 109

For the tests was employed gypsumfree cement prepared from MALOMERICE
clinker ground to a specific surface 632 m’kg” which contained 0,5% Ligrasol and
0,7% referred to the weight of the clinker.

Two types of cement have been tested:

— sample R1 — without supplementary admixtures

— sample R1 — with a supplementary quantity of Na,CO; — 1,2% weight from
the clinker weight.

The following parameters have been determined:

— tensile bending strength
— compression strength

— propagation rate of ultrasonic pulses in cements at an age of 1, 2, 3, 7, 28
days and 1, 2, 3, years.

The sample has been stored for entire period in a standard environment, i.e. in the
form of water storage. The results of the tests are presented in table 2 and
graphically illustrated in figure 1 and 2.

Table 2. Results of strength tests and measurements of ultrasonic pulses propagation rates
for various age of gypsumfree cements

Gypsumfree cement

clinker Malomerice without * 1,2 % Na,C05
632 mk g—l supplementary referred to clinker
0.5%LIGRASOL + 0.7% Na,COs admixtures weight
1 day 5,96 8,37
| 2 days 10,37 9,46
bte;‘;lﬁf 3 days 13,39 12,30
s;engtlgl 7 days 13,81 12,52
- 28 days 12,96 11,75
[ N/mm’] 1 year 11,57 10,11
2years 11,02 9,66
3 years 10,39 8,84
1 day 38,7 46,3
2 days 55,2 53,1
3 days 58,4 55,4
COMPRESSION 7 days 63.1 60.4
strength 28 days 70,9 68,7
Opd 5 1 year 88,0 85,1
[ N/mm?] 2years 88,8 87,2

3 years 90,5 95,1
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Gypsumfree cement

1 o0
clinker Malomerice without * 1,2 % NayCO0s
632 m’kg'! supplementary referred to clinker
0.5%LIGRASOL + 0,7% Na,CO, admixtures weight
1 day 4414 4679
2 days 4635 e
ultrasonic 3days 0 - 4767
pulse 7days - e
velocity 28 days 4903 4 880
V[nvs] 1 year 4962 4942
2years 4975 4 949
3 years 4990 4967
15
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Figure 1. Long-term tensile bending strength of gypsumfree cements in relation to time
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Figure 2. Long-term compressive strength of gypsumfree cements in relation to time

The tensile bending strength of gypsumfree cements attains its maximum at the age
7 days, and then its systematic decrease occurs. For the determination of reasons
for this descreares were carried out physical and chemical tests for determining the
mineralogical composition of the cements and the microstructure at the age of 3
years. The sample was in fact subjected to X — ray diffraction analysis and the
microstructure was photographed on and electron scanning microscope.

The results of the X — ray diffraction analysis are presented in Table 3.

Table 3. Results of the X — ray diffraction analysis of GFC samples

Marking of sample Identified minerals
R1-1 quartz, calcite, portlandite, - C,S, C3S, C4AH 3
R1-6 quartz, calcite, portlandite, - C,S, C;S, C,AH ;3
R2-1 quartz, calcite, portlandite, C,AH;; muscovite

R2-2 quartz, calcite, portlandite, C,AH 3, CSH 11, clay minerals - traces




112 J.Brozovsky, P.Martinec, J. Brozovsky, jr.

4. CONCLUSIONS

Long term tests of GFC have shown that the tensile bending strength after the
attainment of their maxima after 7 days continuously decrease during next period
and at the age 3 years approach the values that have been obtained at the age of 2
and 1 day, respectively.

After one year the growth of the GFC compressive strength is considerably slowed
down, but no tendencies to a decrease of these values have been determined.

The determination of the ultrasonic pulse rates in the tested GFC samples exhibits
in relation to time a continuously increasing tendency. From this can be concluded
that no deterioration of the microstructure by cracks take place.

Studies of the mineralogical composition and the microstructure have also
identified no anomalies that could lead to a decrease of the long-term tensile
bending strength values.

ACKNOWLEDGEMENTS

The work was supported by the MSM 0021630511 plan: Progressive Building
Materials with Utilization of Secondary Raw Materials and their Impact on
Structures Durability and the GACR 103/04/0169 project.

References

1. Drochytka R.: et al. Progressive Building Materials with Utilization of Secondary Raw
Materials and their Impact on Structures Durability. Brno University of Technology, Final
report of the project VVZ CEZ MSM: 0021630511, Brno 2005. Brozovsky J.: Subtask 3 (in
Czech).

2. Brozovsky, J. Investigation of the utilization and preparation of concretes with highly early
strength values ,VA Brno, 1994, (in Czech),

3. Brozovsky, J. Concrete with gypsumless cement- research results and experience of utilization
in practice. In : Proceedings of the 1 Conference on Concrete and Reinforced Concrete,
Moscow, Russia, 2001 (in Russian)

4. Brozovsky, J., Brozovsky, J. jr. : Concrete with gypsum free cement — basic characteristics /n :
Proceedings of the Intenational Symposium on Non — Traditional Cement & Concrete, Brno,
Czech Republic, 2002

5. Brozovsky, J., Matejka, O. and Martinec, P. Concrete Interlocking Paving Blocks Compression

strength Determination U sing Non-Destructive Methods. In Proceedings of the 8"

International Conference of the Slovenian Society for Non-Destructive Testing »Application of

Contemporary Non-Destructive Testing in Engineering«, Portoroz, Slovenia, 2005

EN 12504-4 Testing concrete — Part 4: Determination of Ultrasonic Pulse Velocity

EN 196-1 Methods of Testing Cement - Part 1: Determination of Strength

EN 12390-7 Testing Hardened Concrete — Part 7: Density of Hardened Concrete

CSN 73 1371 Method of Ultrasonic Pulse Testing of Concrete

O xS



“Computational Civil Engineering 2006”, International Symposium
lIasi, Romania, May 26, 2006

The optimization of properties of self-compacting concrete by the
combination of fine filler

Ales Kratochvil' and Jiri Brozovsky”

! Transport Research Centre, 636 00 Brno, Czech Republic
2 Institute of Building Materials and Components , Faculty of Civil Engineering, Brno University of
Technology, 602 00Brno, Czech Republic

Summary

Our partner Virginia Transport Research Council (VIRC) has provided the
Transport Research Centre (CDV) with information about rules applied for
technology of self-compacting concrete (SCC) in the USA[l, 2]. According to
these sources preferably in the USA ground blast furnace slag and fly ash (only
after careful composition test) ,as the filler into concrete mixture for SCC is used.
Concrete mixtures containing different types of fillers are frequently used for the
production of SCC. The applicable advantage is that the certain kind of filler
modlifies certain properties of concrete mixture or hardened concrete.

In the Czech Republic, for SCC stoned dust removers (fillers) ground blast furnace
slag, fly ash, ground limestone and silica fume are used as concrete mixture fillers.
The following experiments were carried out for verification of the possibility of
affecting the concrete mixture properties and SCC, by combination of different
types of fillers, following tests were carried out.

KEYWORDS: self-compacting concrete, filler, ground blast furnace slag, fly ash,
ground limestone, silica fume.

1. TESTS

For verification of rheological properties of experimental concrete mixture, we
carried out modified tests by slumping of the cone (Abrams), then by L-box, J-ring
and Orimet tests.

1.1 Slump test

When testing, Abrams cone must be placed with the smaller base on the smooth
pad 750 x 750 mm and is filled up to the top edge with concrete mixture without
compacting. Then by lifting of taper the slumping of concrete mixture on the pad
can be carried out. We measure time needed for concrete mixture to be slumped
into a cake of diameter 500 mm (Tso) and final diameter of the cake (M)
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1.2. L — box test

Testing method simulates concrete mixture penetration through reinforcement. For
the measurements we used the instrument whose diagram is on fig. 1 .During the
test vertical part of the instrument is filled up with concrete mixture and by lifting
of sliding gate the mixture can freely leak out over inserted ribbed steel bars ( in
the present case 3x profile 12 mm with axial distance 50 mm)into horizontal part of
4 L — box. We measure time Ty, ie. time when the face of concrete mixture in
horizontal part of the instrument reaches the distance 400 mm from sliding door
and time T¢, 1e. time when the front of concrete mixture reaches the end of L box
horizontal part. When the movement ends, we subtract further values H1 (the
height of concrete mixture column in 2/3 of horizontal part of the instrument) and
H2 (the height of concrete mixture column by the opening of vertical part of
instrument).The ratio H1/H2 determines the movement locking of mixture through
reinforcement

Figure 1. L - box
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1.3. Orimet test

We measure the flow through swaged opening of the plant. The test results give us
the information, technically accurate enough, about mixture viscosity. (fig.2)

1.4. The combination of Orimet and J — ring tests

Testing procedure described in the preceding paragraph is in this case completed
with apparatus that enables to assess locking of mixture through reinforcement — J
— ring test (fig.3) Basically it means the annulus inserted in constant distance of
spiky steel bars of the same profile. The distance of bars as well as applied annulus
profile depending on the max. used aggregate granule differs . J-ring test apparatus
is placed centric under the opening of Orimet during the test. We again measure the
flow time of concrete mixture throw the opening of Orimet and visually assess the
locking of concrete mixture movement through J-ring.

&0

1020

&0
]

430

120

Figure 2. Orimet Figure 3. J - ring
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Table 1. Experimental concrete mixtures and material properties [kg/m3 ]

Mix No. |1 JonJm[wv]v [vi]vio|vim] X | X
Cement Mokra 42,5R 404 406 391 399 406 402 402 401 402 396
Sand 0-4, Tovacov 829 710 743 817 710 703 703 762 703 693

Aggregate 4-8, Tovacov 232 233 225 229 233 231 231 230 231 228
Aggregate8-16, Tovacov 556 558 537 548 558 552 552 551 552 544

Stone powder 162 - - - - 100 - 120 100 -
Ground granulated blast 284 i ) i 181 i ) i 139
furnace slag

Fly ash - - 215 - - - 100 100 - 99
Silica fume - - - 159 - - - - - 40
Ground limestone fines - - - - 284 - 181 - 181 -

Admixture (Sika5—600) 4,0 4,0 3,9 -
Admixture (Sika 3 neu) - - - 12 - - - - - -
Mixing water 182 183 210 189 183 191 191 190 191 203
C-Wratio w][v/(ctm)] 0,32 0,27 0,35 0,34 0,27 0,28 0,28 0,31 0,28 0,30

40 40 40 40 40 40

Mix No. | X1 | X1 [ Xmn [ X1Iv | XV [ XVI [ XV XV XIX | XX

Cement Mokra42,5R 398 406 406 409 406 402 402 396 394 390
Sand 0-4, Tovacov 696 710 710 778 710 703 703 693 690 683
Aggregate 4-§, Tovacov 229 233 233 235 233 231 231 228 227 225
Aggregate8-16,Tovacov 547 558 558 563 558 553 553 544 542 537
Stone powder - 41 20 - - - - - - -

Ground granulated blast 5o 543 264 295 274 261 251 238 217 195
furnace slag
Fly ash 99 - - - - - - - - -
Silica fume - - - - 10 20 30 40 59 78
Ground limestone fines - - - - -
Admixtur (Sika5-600) 4,0 40 40 41 41 40 40 40 39 39
Mixing water 199 183 183 174 183 191 191 203 207 215
C-Wratio w [v/(ctm)] 0,29 0,27 0,27 0,27 027 028 028 0,30 0,31 0,32

These treated compound formulas were applied for sample production to test
strength an frost resistance (beam : 100 x 100 x 400mm).For verification of
resistance against water and defrost elements (CHRL) , testing cubes with the side
of 150 mm were produced. Bending strength and tensile compression fraction tests
were gradually carried out on the beam. Frost resistance of hardened concrete was
observed by the decrease of sample resistance after 75 and 150 freezing cycles [4],
and the measurement of concrete water resistance and CHRL in individual steps
after 25 freezing cycles in some cases up to the total 250 cycles were carried
out(5).

3. OBSERVED FINE FILLERS

To verify concrete mixture properties modified by various types and combinations
following materials were used:
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— silica fume (SF), Oravské ferozlitiarenské zavody, a.s.,Istebné (Slovakai,
specific surface 230 568 cm’.g”

—  ground blast furnace slag (GGBS),Kotou¢ Stramberk, S= 629 cm’.g”
— ground limestone (L), specific surface 4 857 cm’.g”!
— fly ash (FA), power plant Chvaletice, specific surface 2 426 cm’.g”

—  stone powder (SP), from quarry Zelesice, specific surface 4 345 cm”.g”

4. TEST RESULTS

The graphical representation of concrete compression strength test results of basic
compound formulas set is shown in fig.4.The strength of dispersion after 28 days
of maturing (water placing) was cca 40 % of max. measured value depending on
the type of applied fine filler. The highest strength was achieved at samples
produced from concrete mixture using silica fume as the fine filler (81 MPa after
90 days).

For tensile strength under bending (Fig.5) the dispersion test results of basic
compound formulas after 90 days were similar (cca 35 % of max. measured value)
and the highest strength was achieved at samples no.Il and VL.(7.82 a 7.15 MPa).
In graphs representing the comparison of concrete compound formulas show that
entire dose of fine filler necessary for achievement of demanded rheological
mixture properties is secured by silica fume.

The measurement results in this case confirm preceding experiences, that so high
silica fume doses (159 kg/m’ of fresh concrete) result in massive decrease of
concrete durability (see graphs in fig.6 and 7).On the contrary very favorable
results from durability point of view showed samples produced from concrete, that
contained combination of stone dust removers and ground blast furnace slag as fine
fillers. The concrete produced only with slag admixture showed outstanding
chemical resistance (3% NaCl solution), but determination results of its frost
resistance at higher number of freezing cycles were distinctively worse. Equal
results were obtained from frost and chemical resistance point of view from
samples where an admixture ground limestone was used.

Graphs of developments of tensile strength under bending and tensile compression
at these formulas are shown in figure 11 and 12. From the course of individual
curves, it is evident, that expected increase of strength SCC, depending on
increasing silica fume dose, did not become apparent. The reason might be on
relatively high volumes of ground blast furnace slag applied in these mixtures for
achievement of their rheological properties in fresh state. High doses of slag might
at least partially suppress the effect of the strength increase of SCC by silica fume
.From the graph in the fig.13 on the contrary it is evident considerable effect of
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silica fume dose on SCC chemical resistance. Considerable increase of sample
damage with 3%NaCl solution occurred when we had higher number of freezing
cycles and doses over 10 % of silica fume in SCC (referring to concrete weight).
On the contrary, the dose of silica fume no has effect on frost resistance of SCC
(fig.14).

00
e Fidi __,...-‘.—
j_ i =l
i=]
E oo -]
i
&z - o ﬁ__";i:g-—"—
m
a :
[ T .u-_{_"'-f
L
2 0 4
il ]
o0
Time, day s 1 3 T -] -1 a0

=S=Rrho | <E=Mrboo o =#=M N0l EeREho W =R=RE bW =ERE R

Figure 4. Compressive strength gain with time
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Figure 9. Tensile strength under bending gain with time (12)
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5. CONCLUSIONS

The results of the performed tests show that there is a favorable effect of GGBS on
strength values SCC as well as on chemical resistance of these concrete. However
before concluding on unambiguous positive assessment, in that case it is necessary
to wait for final durability (frost) test results.

From frost resistance point of view, the most favorable results of already finished
tests, were achieved from compound formulas no.LIII a VI and then all compound
formulas observed within assessment of silica fume dose effect on SCC (concrete
mixtures no.XIV up to XX).Different frost resistance results at the samples
produced from concrete mixtures no.Il a XIV (both mixtures contained GGBS as a
filler) might be caused by various volumes of blast furnace slag in both compound
formulas.

This presumption will have to be verified by other tests. Comparing the compound
formulas of concrete mixtures showing the highest frost resistance of produced
SCC with the achieved chemical resistance is evident, that the highest durability
was achieved at mixtures marked no.V, XIV, XV and XVI. The performed tests
results showed that the usage of higher silica fume doses in concrete mixtures is
not the best solution from the durability of self compacting point of view.

Foreign experiences and the performed tests results show that optimization of SCC
proportion with consideration of demanded properties of fresh concrete mixture
and resulting properties of hardened concrete require complete knowledge of
individual characteristic of concrete mixture components in the course of all
technological cycle of concrete production. E.g according to American experience,
durability of SCC using fly ash as filler is possible to be increased by concrete
mixture aeration.

In that case it is however necessary to pay high attention to their rheological
properties because higher air content influences mobility of mixtures as well as its
other properties. As fine filler in the Czech Republic for utilization in SCC seems
to be highly perspective combination GGBS with stone powder, respectively with
fly ash, when taking into consideration the current prices.

To evaluate concrete resistance to aggressive medium (chlorides in this instance -
12 months evaluation time period according to the CSN 73 1340 Standard) there is
necessary to ensure that no one parameter under monitoring shall decrease during
this interval.
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Summary

In this paper different methods of distribution solution of RC cracked of the plane
stress plates are shown. The differential equation of the cracked plates, using the
classical variational method of Lagrange is worked out. The displacements
equations with the boundary conditions and compatibility conditions in the crack
are obtained. The total differential equations in the class of the two-dimensional
general vector functions are shown. In this model the effect of discontinuity general
deformation vector is taken into account. As the next the viscoelastic plate model
has been derived by the variational method of Gurtin in the space of general
function. The numerical results of an approximate method of solutions with
boundary element method are shown.

1. INTRODUCTION

The RC concrete plates are non-homogeneous. Therefore the response of so
heterogeneous structures and additionally defects caused by cracks in concrete to
applied actions is generally nonlinear, due to nonlinear constitutive relationships of
the materials, known as mechanical nonlinearity and to second order effects of
normal forces, known as geometrical nonlinearity. Regard of defects in form of
cracks treated as continuous functions, which are usually based on the continuum
mechanics approach, gives unsatisfied solution because of summation of
assumption errors and solution errors. Therefore the proper mathematical modeling
of plate is so important since the final error appears solely in solution phase.

This paper contains a mathematical model of a reinforced concrete plane stress
plate formulated in terms of general functions. The physical hypothesis about
discontinuous change of displacement vector, caused by cracking of extension zone
in the concrete, was taken in the model. Such assumptions and first investigation
for distribution model of RC beam with cracks were made by Borcz in 1963 [1].
This paper expands distribution beam Borcz's model for RC cracked plane stress
plates.
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The assumption of distribution theory of Schwartz [2] affords possibilities for
precise mathematical description of discontinuity of the plate. Fundamental for
understanding of the next consideration are the general distributions of Dirac's-6
with given density on the curve A< R* and following properties:

(yo,.j >=/{y(x)j (x)dA, where x = (x;,x,). (1)

<D“(x<x)5A ),cp(x)> = (1) [x(x)D“p(x)dA , where &= (a, +a,) .

a‘ =a,ta,.
2)

Here the functions y(x) , @(x) and x(x) are continuous functions on the curve
A in the space R” .

The functionals formulated above for unitary density of function y(x) and y(x)
have the analogue filtering property as for the general distribution of Dirac's-d. It
means that the y(x) and y(x) have the value of function @(x) or its derivatives
respectively for the arguments x belong to the curve A .

The arbitrary plane stress plate is considered. The plate has arbitrary homogeneous
boundary conditions and is arbitrary forced, see fig. 1. The region of plate (2is
divided by the curve A, means the crack, in two zones £2; and (2, with bound 042,

and 0¢2,. The curve Ahas two ends A;and A, The normal external direction
cosines of edge A of regions (2; and (2, have different sign. The considered model

can be easy generalized to any amount of cracks A.

A x,

00,

a0, P

=
X

Fig. 1. Scheme of plane stress plate with crack A
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2. DIFFERENTIAL EQUATION FOR DISPLACEMENT

The discontinuous variational problem of surface integral for displacement was
solved. The equilibrium equations, constitutive law and strain equations are
assumed to be represented by well-known theory of elasticity relations. We are
looking for the extreme of the functional of strain energy U; with set of
permissible displacement value u(x), where b(x) means body forces:

Ju(x)]= IUS (u(x))dQ2 - Ib(x)u(x)dQ— Ip(x)u(x)d&, 3)

where u(x) means displacement vector and b(x) body forces respectively. The

searching function u(x) is in the class of function u € C*(«2/4) (for x € A function
u(x) has singularity).

Applying Green's transformation with well known relations stress-strain-
displacement S-E-u we obtain differential equation of plate in plane stress:

+3/1+2,u

w(V? grad div) u(x)+b(x)=0, 4)
y

associated with combination of elementary boundary conditions:

P(u(x))=p(x), forxeQ,uQ, , (5)
and compatibility condition in the crack:
[P(u(x))], =0, forxeAA,, (6)

where A and u are Lame' constants, P means operator of surface tension:

P()= u(V+ - -2;12 p 1div)()n, (7)

where 1 is a unitary tensor, whereas n represents normal vector external to the edge
oQ.



126 M. Minch, A. Trochanowski

Here [ . ]» means difference of left and right side limit of expression in square
braces on the curve A.

Constitutive law of defect is assumed to be represented as follows (see beam
analogy of Borez [1]):

[u(x)], ,. =r(x), with condition ﬁ(A1 )= é(Az) =0. (8)
o s s

Here r(x) means density of defect as a continuous function for x € A|A; and [u], =

0 for x & A1A,. Equation (8) satisfies compatibility condition in the crack, where
the displacement vector has a jump on a bound of crack. Here the assumption of
internal crack A;A, was taken. This can be easy proved. Hence on the remaining

part of curve A the condition [u], = 0 yields, for x ¢ A;A,. Moreover the second
condition (8) in the essential way completes the definition of the defect.

It can be easily shown that using Eq. (1)-(2) and Eq. (5)-(8) differential equation
(4) has the following form (see [3]).

y<(v2 - % grad div)u(x>,<p> +(b(x),9) = [[u(x)P(¢)+(p(x)— P(u(x))pld2 +
+ [rx)P(@)A . ©)

Using functional way of description with distribution in form of Dirac's-6 we can
write final general differential equation of RC cracked plate in plane stress,
appropriate boundary and compatibility conditions in the crack respectively:

X2 orad divyu(x) = —B(r(x)5, ) + (p(x) ~ Pu(x))5 5, + PL(E(X) ~ u(x))5 1, ]
y,

Vit
M A+2

(10)

where b(x) was taken in following form: b(x) = lw’(ﬁ(x))é' o, -

The assumption of the jump of displacement vector u(x) was proved by
experimental study [1]. Density of defect also known as constitutive law of crack
opening, is the function of tension vector N acting in the crack:
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r(x)=r’(x)-r' (X)INEX), , xeAA, . (11)

Here r° describes residual general deformations whereas r'J(N) elastic general
deformations respectively.

The zone of plate €2, is connected with another one 2, by means of reinforcement

bars appearing in the cracks. So, the edges of the cracks are not free from tensions
at the points of connections.

The components r of Eq. (11) are given from RC element tests as well as from
general assumption of crack theory and equilibrium conditions in the crack.

Using definition of convolution and Green function satisfying equation
AAG(x) = J(x) the solution of Eq. (10) is described in following form:

u()= [Ir'(y)+r' (HINIP(G(x,y))dA +

AA,

+ [PGx, y)[u(y) - T (y)] - G, VIPu(y) - p(y)]}dA . (12)

X

Here the curvilinear integrals for the edge A can be interpreted as a some external
force modeling the defect. It can be proved [3] that for plane stress these integrals
are the normal and tangential dipole forces cause the jump of displacement vector
in the crack. The acting forces are self-balanced and do not cause the increments of
external loading of construction.

The final solution of singular integro-differential Eq. (12) describes an accurate
mathematical model of cracked RC in plane stress.

The presented solution includes the discontinuity of general deformations in the
crack places and simultaneously satisfying continuity of general tension vector on
both sides of the defect A. Such formulated model of RC cracked plate will be
solved with the help of boundary element method (BEM).
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3. DIFFERENTIAL EQUATION OF VISCOELASTIC PLATE

The same way as in chapter 2 was applied to describe solution of viscoelastic plane
stress plate. The equilibrium equations in form: div S + b = 0, and geometrical

relations in form: E = %(Vu +Vu')= Vu.

The set of field equations is fulfilled in the space Q x[0,00), where [0,) is

time interval. The initial condition of strains' tensor has to be added E( . , 0) = E°,
fort=0.

The physical law well known as Boltzmann type is taken in following form:

l*Szwl*E+%(y/2—y/1)*1 tr E-F , where: (13)
o 1 0
F=y *E +§(1//2—1//])*1 rE", (14)

t
with convolution rule: f(¢)*g(t)= j f(t—1)g(7)dr. Here the functions y; and
0

v, are the functions of relaxation.

The discontinuous viscoelastic variational problem of Gurtin type, in the some way
as considered in chapter 2, was solved. The equilibrium equations, Boltzmann
constitutive law, strain equations and initial condition are assumed to be
represented by well-known theory of elasticity relations.

Analogue to the functional (3) we are looking for the extreme of the functional of
strain energy U, with set of permissible displacement value u(x):

Ju(x, )] = IUV(u(x,t))dQ— fl* b(x,?)*u(x,#)dC2 - Il*ﬁ(x,t)*u(x,t)dd’) , (15)

Applying Green's transformation with material and field relations we obtain
differential equation of plate in plane stress:

1
I*S:WI*E+§(W2—WZ)*1 trE-F , (16)
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associated with combination of elementary boundary conditions for free and fixed
edges respectively:

[Pu(x) = 1p()] 5, =0 v Su(x), (17)
and compatibility condition in the crack:
[N(u(x,1))], =0, forxeAA,, (18)

where N means viscoelastic operator as the analogy of surface tension from theory
of elasticity:

P()=pu(V+ 24 1div)()n, (19)
A+2u

Taking constitutive law of cracks (8) and applying functional way of description
with & of Dirac's type, the final general differential equation of viscoelastic RC
cracked plate in plane stress, appropriate boundary, compatibility and initial
conditions respectively, can be written as follows:

[y, *V7* + %(1//1 +y, yxgrad divlu(x,t)+ 1*b(x,t) - div F =

(20)
= —N(r(x,1)5,, )+ [1*B(x,1) - N(u(x,0))16 5, + N[ U(X,1)— u(x,1)]6 5, -

Here the constitutive law of crack opening is expanded as a rule valid additionally
in time. Note, that the final solution (20) is similar to elastic solution (10),
difference occurs only for relaxation function with A and pas a time depended
function.

The solution of Eq. (20) is possible with help of elastic solution as a first
approximation of viscoelastic solution. It denotes the solution of “associated"
elastic problem u(x,) from Eq. (12) can be used to convolutions' solution of
viscoelastic static problem of RC cracked plain stress as follows:

]% o(t — 7)dr | Q1)

0

u(x,?)=
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where ¢ is the function with the combination of relaxation and creep functions.

4. MODELING BY BOUNDARY ELEMENT METHOD

Deformation behaviour depends on the history of the loading as well as
nonlinearity of material properties. Hence, equations and definitions of the
boundary element method in rate form according to the Brebbia [4] formulations
were assumed. According to small strains' theory, total strain rate for inelastic
problem can be divided into an elastic and inelastic part of total strain rate tensor
respectively. Herein, the inelastic strains mean any kinds of strain field that can be
considered as initial strains, that is, plastic or viscoplastic strain rate, creep strain
rate, thermal strain rate and strain rate due to other causes. So now, we can write
(see also [3]) the equations of considered problem with non-linear BEM
formulations for fictitious traction vector p and body forces b, finally leading to

e p
initial stresse o :

Hu-Ap=Bo’ +Fx+Q (x) , 22)

where: u - displacement vector,
X - vector of unknown edge traction,
p - vector of fictitious traction,
o’ - vector of initial stresses,
H, A - the same matrices as for elastic analysis,
B - matrix due to the inelastic stress integral,
F - matrix refers to the fundamental function cause by forcing traction
with vector X, that is, modeling density of crack opening for plane
stress ,
Q - matrix of bond, bond-slip relations and other displacements due to
aggregate interlock and dowel action of reinforcement in the crack,
related to displacement u.

5. THE INCREMENTAL COMPUTATIONS

The results' correctness depends on the choice of right type boundary or finite
elements respectively and a careful discretization of the structure. The influence of
the above on the problem to be studied cannot be neglected. The appropriate
simulation of the load-carrying behavior of RC structure is more important then the
accuracy of the numerical calculations. The question what kind of numerical
methods, boundary or finite elements should be preferably chosen cannot be
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answered satisfactorily. Equations (22) must be solved numerically with iterative
and incremental techniques. Iteration results due the fact that the right sides of
equations depend directly on searching functions. In addition searching functions
depend indirectly on physical law. The incremental computation is caused by rate
form of Eq. (22). For iteration and incremental computations the modified Newton-
Raphson method was applied.

For the computation of plate the behaviour of concrete is taken as well known
stress-strain Madrid parabola. The stress-strain relation of steel bars was taken as a
well-known elasto-plastic relation from uniaxial tests.

The creep of concrete was taken from the Bazant's [5] rheological model. This
model is most suitable for concrete structures because the parameters can be
calculated only from the concrete composition (for basic and drying creep as well
as shrinkage). The creep function of Bazant is shown below ( f." means the 28 days
compressive strength of concrete):

J(t,7)= [+, (S + @)t = )] (23)

L
E, ()

After cracking of concrete, the tensile forces in the cracked area are transmitted by
bond to the reinforcement consisting of steel bars. Along the segments of broken
adhesion the steel bar co-operates with the concrete trough the tangential stresses
distributed on the perimeter of the bar. The slip is defined as a relative
displacement between reinforcement bars and surrounding concrete. The increment
of tensile stresses in the steel bar was approximated by the third-degree curve.
Hence, the tangential stresses and bond-slip relationships, as representation of the
stiffness of the bond has been found to be in the agreement to tests of Dorr [6],
(that is, the second-degree distribution along the segment / , where /. means

distance between cracks).

The time-dependence of bond in the loaded state exhibits a similar behavior as
concrete in compression (see [7]). The presupposition similar to the linear creep
theory of concrete in compression is used for bond creep with bond creep

coefficient @p. Naturally, in accordance to t-A relationship of Dorr [6], bond creep
cannot be described with linear theory. The model of Rotasy [7] was applied to
describe the creep of the bond in the cracked concrete.

The development of "rotating cracks" is considered as single cracks treated as the
boundary element where the direction of the crack has to be assumed in accordance
with the previous step of the main direction of the tensile stresses.

A program for Boundary Element Analysis named PLATE for planar structure was
designed. The route through a PLATE analysis includes following procedures is
shown below:
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The model of construction is built using IMS
Interactive Modeling System (IMS)

The Analysis Module solves the problem ANALYSIS

with iterative and incremental method MODULE
!

Using IMS the results are obtained RESULTS

The way of applying iterative and incremental technique in the Analysis Module is
shown below in the block diagram:

INCREMENTAL LOOP
pi+1 = pi + Ap; =t

ITERATIVE LOOP - ITERATION ERROR

! ! $ ! !

CONCRETE‘ . STEEL LCRACKS ) ‘BOND SLlP‘ . CREEP
G —& I o-¢ "op =0 M | I L e-3

6. NUMERICAL EXAMPLE

The results of simply supported square panel WT3, tested by Leonhardt and
Walther [8], were taken to check BEM solution for plain stresses. The panel was
reinforced horizontally in different way for bottom and top part. The bottom zone
(Ra;) had 2¢8 mm bars each 6 cm fixed in 4 rows, the top zone and vertical bars
(Ray) were 2¢5 mm each 26 cm.

In Fig.2 the experiment received load-midspan deflection relation of the panel as
compared to the results of BEM and other authors ([9] and [10]) FEM numerical
calculations.

Fig.3 shows the dependence of the time and loading levels on the crack width a, for
panel WT3.
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7. CONCLUSIONS

The numerical results obtained for the problems of panels indicated that the
presented methods are capable to predict sufficiently and satisfactorily response of
reinforced concrete planar structure.

P[kN] :

BUYKOZTURK FLOEGL,MANG
1000 v }
_BEM

L L~
800 A ] /
/ < /ﬁ)NHARDT.WALTER
700 % 4

600

CONCRETE

W

500 4 .
// P £,=30.2 MPa
// gl Ec=25-0 103MPa
300 he0.10 - |
=0. m
200 7 @ | STEEL |
100 __f 1=350 MPa_
1o 1:60 m _, 1,2=190 MPa

l l l
0 0.1 02 03 04 05 06 07 0.8 w[mm]

Fig.2. Comparison of calculated load-midspan deflection relations with the test result of
panel WT3 [8].

For the computation of planar structure the behavior of concrete should be
considered in the biaxial domain. The concrete properties are influenced by many
different factors. Therefore the biaxial stress-strain relation and the failure criterion
of concrete depend on the results of the tests that are performed to obtain these
relations. The biaxial tests of Kupfer [11] for short time loading and proportionally
increasing load proved to be the most reliable. Different authors have used these
test results to develop analytical formulation of the failure and deformation
behavior of the concrete. Link [12] developed an incremental formulation for the
tangent stiffness of the concrete on the basis of Kupfer's tests. The stresses are
normalized in terms of the uniaxial cylinder strength; therefore the formulation can
be used for different grades of concrete. The failure criterion cannot be used as
plasticity condition, because it describes a boundary for the maximum stresses and
does not allow any statements about the plastic deformations.
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af P=1100 kN
0.16 —
0.14,/
P=900 kN
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/
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crack x=1/2
0 1000 2000 3000 4000 t[h]

Fig. 3. The dependence of the time and loading levels on the crack width a, for x=1/2.

The problem of crack propagation can be solved by evaluating Rice's integral along
the contour of the crack top zones, where for different specimens the stress
intensity factor could be found (see [13]).
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Summary

The purpose of this paper is to review model for finite element techniques for non-
linear crack analysis of reinforced concrete beams and slabs. The non-linear
behavior of concrete and steel were described. Some calculations of "self-stress"
for concrete and reinforced concrete beam was made. Current computational
aspects are discussed. Several remarks for future studies are also given.

The numerical model of the concrete and reinforced concrete was described. The
paper shows the results of calculations on a reinforced concrete plane stress panel
with cracks. The non-linear, numerical model of calculations of reinforced
concrete was assumed. Using finite elements method some calculations were made.
The results of calculations like displacements, stresses and cracking are shown on
diagrams. They were compared with experimental results and other finding. Some
conclusions about the described model and results of calculation are shown.

1. NON-LINEAR BEHAVIOR OF CONCRETE AND STEEL

Reinforced concrete structures exhibit very complicated behavior different from
steel structures. The structural system is composed of different materials, such as
cement, steel bars, aggregate etc. Moreover each material shows various physical
phenomena.

The non-linear behavior of entire structures can be considered to be
accumulated from cracking of concrete, non-linear material properties of
concrete under compression, time-dependent deformations due to creep and
shrinkage, bond behavior, yielding and strain hardening of steel essentially.
Progressive cracking of concrete is surely the most important component of the
non-linear response of reinforced concrete structures in normal service state.

The experiments [3,4] show that under cyclic loads concrete and reinforced
concrete structures response like linear-elastic materials. The linear-elastic
behavior of concrete elements under cyclic loads is the base to assume that total
deformations is the sum of elastic, residual, plastic and creep deformations as show
on Fig. 1.
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slR [ & & e

eRT e

Fig. 1. Stress-strain relationship for concrete.

The total residual €*" deformation is the sum:

et =R 4P+ &R (1)
where:
e®" - residual deformation,
€’ - plastic deformation,
e** - creep deformation.

The creep deformation described using Rush [2] theory. It was assumed that
residual creep deformation is 80% of total. The non-linear residual "

deformation, because of plane cross section, gives "self-stress" o" inside the
element:

ch dF =0,
(2)
chz dF =0 .

Using the equilibrium of forces and moments in the cross section (Eq. 2), the
constants A, B and "self-stress" was calculated:

of =E e =E, (A +Bz-¢R) (3)
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We can write the total stress as a sum of self-stress 6" and easy to obtain linear
elastic stress c*:

ot =c" +o" 4

The steel reinforcement is stressed only in one direction. The material is
represented by a bilinear model which may either be elastic - perfectly plastic or
strain-hardening as shown in Fig. 2.

e e

Fig. 2. Stress strain model for steel.

2. SELF-STRESS IN CONCRETE ELEMENT

The self-stress was calculated for bending concrete beam Fig. 3.

The course of residual strain was assumed as known and described:

R _ —kz6 for z<0
& = 6 , Q)
kz for z>0

where: z=0 /Ry for 0<0,
z=0 /Ry, for 6>0.
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Fig. 3. Self-stress in concrete beam.

Using the equilibrium of forces and moments (Eq.2) the constants A, B
was calculated:

[o" dF = J[A+le—8R(zl)]b dz, =0
(6)

J.GRZI dF = J[AJrBz] —SR(Zl)] bz, dz, =0 ,

~0.13 —-1.98 —2.11
-0.09 E —1.58 -1.67
—0.04 —-1.18 —1.23
+0.00 —0.79 —0.79
+0.03 —0.39 —0.35
+0.08 +0.00 +0.08
+0.12 +0.39 +0.52
+0.16 +0.79 +0.95
+0.15 +1.18 +1.34
~0.04 +1.58 +1.53
~0.85 +1.98 +1.73

Fig. 4. Results of calculation the self-stress for concrete B-15 (f.=15.0 Mpa, f,=1.40 Mpa,
E.=23.1*10°MPa).
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A=1/F, [e*(z,)bdz, ;F,=bh
(7
B=1/1, [¢"(z,)z,b dz, ;1,=bh¥12

Some calculations for different concrete was done The results of calculations of
self-stress, elastic stress and total stress are shown on Fig. 4.

3. SELF-STRESS IN REINFORCEMENT CONCRETE ELEMENT WITH
CRACK

The self-stress in reinforcement concrete bending beam was calculate in the
same way as in concrete element Fig. 5.

—X

st X

—-A/B

Fig. 5. Self-stress in reinforced concrete beam with crack.

The residual strain-stress relationship described the same equals (Eq. 4)
like for concrete element. Using condition (2) the constants A, B was calculated:

E, [(A+Bz, —&"(z,)) dF + E,F,(A+Bz,-})=0 |

®)
E, [(A+Bz, -&"(z,)) zb dz, + EF,(A+Bz, -¢})z, =0 ,
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where: €} - residual strain for steel.

Some numerical calculations for different causes were done. The results of these
calculations are shown in Fig. 6.

a)

—-0.39 | —-8.38 % —8.60 %

1.49 220.49 221.98
b)

2.49 - —13.53 %— -11.03
—1.48

\v4
vV

419 153.5 187.7 -

Fig. 6. Stresses in cracked concrete element, concrete B-15 (see Fig.4), steel f, =220 MPa.
a) u=10.5%, M =29 kNm, b) u=2%, M ="75kNm

4. NON-LINEAR ANALYSIS USING F.EM.

The Finite Elements Method was used to calculate the non-linear effects in
reinforced concrete elements. The rectangular elements were used with stiffness
matrix calculated by Rockey [5]. The first steep is taken as the linear solution using
known relationship of F.E.M. [6]:

[K]{8}-{R}=0 , ©)

where: [K] - stiffness matrix,
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{8} - displacement,
{R} - external forces.

In Eq. 9 the linear behaviour of materials was assumed:

{o}=[DI({e})-{eo})+{co} , (10)

F({c},{e}))=0 . (11)

The non-linear effects were calculated using iteration and changing of the
external forces {R}. The external forces were calculated on the basis of initial
strain and initial stress which described the cracks or non-linear material behavior.
This method needs no necessity of changing of the stiffness matrix. The
reinforcement was described as linear elements which are added to the stiffness
matrix. Before the cracks appear the concrete strain and the steel strain are equal.
After cracking the steel elements take over the stresses from the concrete. This
stresses are added to the external forces as initial stresses.

Y T P=p *¢ E. =_25000 Mpa
e nnnnnnnm _‘:“‘2'9“‘“’3

2f 5each26 cm

1.60 m steel A-I
f,= 240 MPa

2f 8 each 6 cm

S B steel A-II1
f,=410 MPa

1 =1.60 m 1

[ I

Fig. 7. The schema of calculated RC panel
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5. ANALYSIS OF RC DISK WHICH WAS TESTED BY LEONHARDT
AND WALTHER [7]

The purpose method was examined on calculations of the RC panel (Fig.7)
tested by Leonhardt and Walther [7]. The same panel was calculated by Floegl [8],
Buyukozturk [9] and Lewifiski [10]. So, there is the material to compare the results
of analysis.

The results of numerical calculations are shown on Fig. 8-11. Figure 8 shows the
propagation of cracks under different loading. The first cracks was observed for
P=400 kN. In each level of the loading the number of cracks and the width of the
cracks vary as shows the figure.

In Fig. 9 the relationship between loading and displacement of the panel as
compared with other finding. The good compatibility was notice.

Fig. 10 and 11 show the comparison of stresses in steel bars calculated by
authors with experimental findings and other calculations.

_vp P 4P

P=400 kN P=500 kN P=600 kN
0.04 0.02 011 0.05 0.10 0.06
Ts_\_\_Lu_zr o, > oWl

P=700 kN

0.07
0.12

bl

P=900 kN

0.10
0.22

_#P_
P=1200 kN

0.14
0.30

[/ \'\\ } //N

LAV LN

Fig. 8. The propagation of the cracks under different level of loading
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acc. to Leonhardt

-z — — — Author
= — . — — acc. F.E.M. Lewinski
=z = — acc. F.E.M. Floegl, Mang
yZ acc. F.E.M. Buykozturk —
—
Displacement [mm)] 1.0
Fig. 9. The relationship between loading and displacement.
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Fig. 10. Comparison of the stresses in reinforcement of the panel with other finding.
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Fig. 11. Comparison of the stresses in reinforcement of the panel with other finding.

4. CONCLUSIONS

The mathematical idealization of cracked reinforced concrete structures is very
difficult. The presented model of non-linear behavior of reinforced concrete can be
used to numerical analysis with the finite element method. It may give relatively
quick solution because of no necessity to change the stiffness matrix and solve
equations several times. Descriptions of all non-linear behavior of materials,
cracks, self-stresses treated as initial strains gives only different right sides of
standard equals. Therefore the iteration of cracks and loads do not change the
stiffness matrix. All that may preference finite element method to numerical
analysis.
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Summary

In the present study, equivalent elastic properties, strength envelope and different
failure patterns of masonry material are homogenized by numerically simulating
responses of a representative element under different stress conditions. The
representative volume element provides a valuable dividing boundary between the
discrete model and the continuum model. This paper presented a computational
homogenization technique of masonry.

KEYWORDS: Masonry structures, homogenization, computational simulations

1. INTRODUCTION

In recent years growing attention has been paid by researches in structural
mechanics to masonry structures with the intent to provide theoretical and
numerical tools for better understanding the complex mechanical behavior of such
structures. The complex mechanical behavior of masonry structures depends
strongly on the composite nature of masonry material. Masonry is constituted by
blocks of natural or artificial material jointed by dry or mortar joints; the latter are
the weakness — areas of such a composite material and notably affect the overall
response of the assembly with a number of kinematical modes at joints such as
sliding, opening — closing and dilatancy. Generally, two different methods have
been developed to perform linear and non-linear analyses of masonry structures
(Szotomicki 1997). The macro-modelling approach intentionally makes no
distinction between units and joints but smears the effect of joints presence through
the formulation of a fictitious homogeneous and continuous material equivalent to
the actual one which is discrete and composite. The alternative micro-modelling
approach analyses the masonry material as a discontinuous assembly of blocks,
connected each other by joints at their actual position, being simulated by
appropriate constitutive models of interface (Zucchini 2002). Another direction,
presented in this paper, is a method which resorts to homogenization technique.
The homogenization method that would permit to establish constitutive relations in
terms of averaged stresses and strains from the geometry and constitutive relations
of the individual components would represent a major step forward in masonry
modelling. In this paper, a typical unit of masonry is selected to serve as a
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representative volume element. Both the bricks and mortar joints are idealised as
isotropic material having their own properties such as stiffness, strength and
damage characteristics. In the homogenization process, failure of the individual
material in the unit is divided into three modes: tensile failure of mortar joint, shear
failure of mortar joint and brick, and compressive failure of brick. A fracturing law
is associated with the tensile failure of the mortar joint, while the shear failure
accounts for the variations of shear strength as a function of normal stress.

2. FORMULATION OF REPRESENTATIVE VOLUME ELEMENT

The homogenized constitutive law is determined by studying the behaviour of the
representative volume element (RVE) which is the cell of periodicity in the case of
periodic media (Galvanetto 1997). Such a RVE plays in the mechanics of
composite material the same role as the classical elementary volume of continuum
mechanics, therefore in general a homogenized approach is successful if the size of
the cell is small compared with that of the structure.

The representative volume element of masonry should include all the participant
materials, constitute the entire structure by periodic and continuous distribution,
and be minimum unit satisfying the first two conditions. Under conditions of an
imposed macroscopically homogeneous stress or deformation field on the
representative volume element, the average stress and strain fields are respectively:

— 1
Gij vavﬁijdv (1)

_ 1
gj = veydV (2)

where V is the volume of the representative volume element.

Based on the constitutive relations of the brick and the mortar materials, the
equivalent stress-strain relations of the RVE are homogenised by applying various
compatible displacement conditions on the RVE surfaces (Luciano 1997).
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3. DAMAGE MODEL FOR MORTAR JOINT AND BRICK

3.1 Damage of mortar joint

Most of the non-linear deformation in brick masonry, until failure, occurs only in
the joints. Establishing a reliable material model for the mortar joint is very
important for analysing the masonry load-bearing and deformation capacity.

The degradation of tensile strength in mortar joint can be expressed by an
exponential approximation as:

c=E,¢g,, €n <€ 3)

—Qqn (Sn_gno )/8n0
b

c=0(¢ €n 2 €p, 4

where: o, is a material parameter, €, — threshold strain that initiates tensile
fracturing of the material, G is the elastic limit stress of the mortar joint.

The exponential decay leads to the following total fracture release energy:

I +00
Gy = Jode, . 6]
0

The differential of fracture energy is obtained as:

dG! = %Gden —%dcan. (6)

Thus tensile damage can be defined as the ratio of released fracture energy to the
total fracture release energy as:

p'=20 : 7)

In the compression — shear region of mortar joints is reasonable to use the Mohr —
Coulomb criterion, which can be expressed as:

F(o,7) = |r| + uG—C(GH) =0, (8)
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where: p and c are frictional coefficient and cohesion, respectively; ¢ is a
compressive stress; G" is the dissipated plastic work that results from shear failure
of mortar joint.

The incremental strain vector of mortar can be divided into elastic and plastic parts:

de =de® +deP )

To avoid excessive plastic dilatancy, a non-associated flow rule is proposed. It is
expressed as:

Q(c,7) =n(71) +uo (10)
where: 1) is parameter that scales the dilatancy.

The direction of plastic relative displacements is governed by the flow rule as:

deP =) 92 (11)
0o

where dA is the plastic multiplier.

According to the traditional plastic flow rule the complete elasto-plastic
incremental stress-strain relationship is presented as:

do = EPde (12)
where:
06 A1
EP —E° — agﬁ 9 (13)
—A+ ——E* ==
oL oo

and A is a hardening parameter.

The plastic work done by the shear stress T depends on the lateral compression .
When the combination of (t, o) on the strength surface is expressed as (8), the
incremental plastic work is the following:

dg! = (|r| + ucs)daltD = {M +uoc 0}{d8{) O}T. (14)

The damage value at compressive-shear region can be expressed as:
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1I
D“:G—H (15)
Gf
where:
q
G = f(|r|+u6)d8{) (16)
0

The total dissipated energy due to friction can be calculated by the relationship of
the shear stress and strain with no lateral compression on the surfaces. The
relationship can be written as:

T= Etst when St Sgto (17)

—o (81 —&y

/
= Byeg e 80 when €, >, (18)

where o, is a material parameter and &g is threshold shear strain of mortar joint
without lateral compression. The cohesion c is expressed as:

1 II
c= 1—G—I 1—G—I coz(l—DIXI—DH)co. (19)
Gf Gf

3.2 Damage of bricks

Damage of bricks is composed of compressive crushing and tensile splitting due to
high compression. According to the isotropic damage theory, the secant
constitutive tensor can be written as:

Ajjk1 (D) = A g 1 - D) (20)
where: Ay is initial stiffness of material and D is a damage.

The damage scalar consists of two parts, namely D, due to tensile damage and D,
due to compressive damage. It is evaluated by the combination of:

D=AD;+A.D,, D>0 21)

where: A; and A. are the balancing coefficient characterizing tension and
compression, respectively. Damage scalars D, and D, corresponding respectively



152 J. Szotomicki

to damage measured in tension and compression can be expressed again in
exponential approximation as:

D, =1-¢ PE 205 (22)

DC =]_e_Bc(€__86)/86 (23)

~ ~ . . . .
where € and € are the equivalent tensile and compressive strains.

4. FINITE ELEMENT IMPLEMENTATION

The material model proposed above is used into finite — difference program. The
finite element analysis is based on this decoupling of the macroscopic and
microscopic displacement fields. In the present analysis, the material is considered
in elastic state before the directional strain of the mortar joint reaches the threshold
strain. In post-failure state, the stress will decrease with increase of uniaxial strain.
The material parameters of brick can also be determined by uniaxial tensile and
compressive test data. The computational models of RVEs in the present numerical
analysis are shown in Figure 1. The brick and mortar are discretized individually.
The brick size is 250 x 65 x 120 mm and mortar thickness is 10 mm. In numerical
simulation, vertical and horizontal displacements are applied to the RVE surfaces.
The advantage of using displacement boundaries can not only avoid incompatible
deformation between RVEs, but also makes it possible to obtain a complete
monotonic stress-strain curve through the homogenization process.

Figure 1. Representative volume element of masonry
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5. NUMERICAL APPLICATION

The theory presented above has been used in the following example. The masonry
panel schematically reported in Figure 2, subjected to pure shear loading is
analyzed. This is characterized by the following geometrical parameters: H = 3000
mm, B = 2000 mm and material characteristics (Tab. 1,2). In Figure 3, the damage
and the minimum principal stress maps for the prescribed displacement u = 5 mm
is plotted for analyzed panel. It can be noted that the failure mechanism is
characterized by the formation, growth and propagation of inclined damage bands,
as it typically occurs in structures subjected to horizontal forces. Damaging process
in analysed example is concentrated in a single band.

Table 1. Material parameters for brick

) E G v Gt G¢ 80+ g0
Material MPa MPa _ MPa MPa _ _
Brick 12000 4700 0,15 2 50 0,0002 0,0004

Table 2. Material parameters for mortar

‘ E,  E So co p &0 &0
Material MPa MPa MPa MPa i i X
Mortar 2,0 1,0 0,9 1,1 0,8 0,0004 0,001

-

™
A

™. A1

Figure 2. Analyzed masonry panel
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It can be noted that the mechanical response of wall subjected to shear loading is
characterized by:

e an initial elastic response,

e a first step softening branch due to the damage propagation concentrated in
place where the maximum tensile strains occur,

e a hardening phase during which the plastic evolution process becomes
more significant than the damage one.

PRINSTRESS 2

6B
-5, TTEAD
A TSE0
= IETEH0
-2,96E+00
ot -1, 91EH0D
-9, 4BE-01
&) LOE0

a) b)

Figure 3. Numerical analysis of masonry panel: a) damage distribution and b) minimum
principal stress distribution for u =5 mm

6. CONCLUSION

In this paper the authors presented a numerical homogenization technique of
masonry. The strength behavior and damage behavior have been obtained by
numerical analysis of the representative volume element responding to various
boundary conditions. They have been implemented into a continuum plastic
damage model. Failure of masonry can be described into three types: tensile failure
due to mortar tensile damage, shear failure of brick and mortar and compressive
failure of brick. It should be noticed that the RVE employed in a general
homogenization process should be smaller than the whole masonry structure.
Otherwise the edge effect will affect the macro-material properties significantly,
and in that case the discrete element method is preferred.
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Summary

Structural optimization is special domain of employment researching many and
how different problems in the field of forming structure. In times of early computer
science and computational technology, when the access to “computing time” of the
machine was strongly regulated (from the point of view of considerable costs) some
optimization problems were very strongly simplified, so their solution could be
possible without mathematical programming methods and therefore cheaper.

In times of stormy development of informatization and almost free-for-all personal
computers as well as specialized software, complication of structural optimization
modeling has grown considerably.

In this paper being short recapitulation of achievements made by Division of
Computational Methods in Engineering Design, it refers to these earliest problems
and to these very modern both dealing with applied structural optimization, what is
the domain of interest of our team from over 25 years.

KEYWORDS: structural optimization, scalar optimization problem, genetic
algorithm, vector optimization problem

1. INTRODUCTION

As member of the Team for Computational Methods in Engineering and Design,
I have started dealing with the applied structural optimization in the end of 70-ties
in XX century. In the beginning it was research concerning steel bar structures
(trusses and frames) and industrial buildings (concrete beams, silos and tanks). All
of these early problems mentioned above were formulated and then solved as scalar
optimization questions.

Next we started researching with vector optimization problems (steel frames and
trusses) and genetic algorithms (thanks to cooperation with Carlos Coello Coello
and Gregorio Toscano-Pulido).

In this paper I'm trying to bring you closer how deep were the differences between
these first and last problems (exactly in this year was my personal 25™ anniversary
of optimization research).
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2. SCALAR OPTIMIZATION PROBLEM

2.1 Simple example of the tank welded from steel

The first example of optimization I want to present (in this case example of scalar
optimization, started and conducted in 1981) is a tank (the part of steel water
tower), shown on the drawing below (Fig. 1).

o s
o somay ——

o el e s
N

aa18

Fig. 1. Steel water tower

For optimization the following lump of the tank, made from two cut off cones and
one internal cylinder, has been chosen. Surface plan it in places of intersections
circled wreaths stiffening. Described has resulted from capacity form highly,
allocations and easy installment available methods (so called “easy” or “heavy”
one).

2.2 Scalar optimization model

As criterion of optimization accept minimum of expenditure of material
preliminary. Become setting up average thickness of covering above-mentioned
question fetch for determination of condition of occurrence of minimum of lateral
surface. Besides, it accepts following foundation and simplification:

dimension section - they mirror middle surface,
o thickness of covering is constant (and average),
water fulfills only maximum bottom cone,
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e we use only one design variable: corner of inclination of surface for
vertical a in bottom cone (see Fig. 2),
e capacity of useful tank totals 600 m’.

Fig. 2. Steel tank — lump and design variable a

It takes into consideration, in the farthest consideration, following geometric
dependences:

R=H¢+1g(a), (1)
L=H/cos (a), 2)
Field of the lateral surface:
F=geRe«L=H-+tg(a)*H/cos (a) = H *tg(a) / cos (), 3)
Capacity of the cone:
V=600=13n+R +H=..=131nH *tg’(a), 4)

Basing on (4) in the function of the corner o, next H was indicated:

H=/[1800/7+1g2(a)]"" , (5)
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and it put for (1)
F=A4-esin' (a) * [tgz(a)]w,

where A = 1800 « (n/1800)'° = ... = 216,72, (6)

Task of minimization solve existence of minimum of function alternate one
researching F(a).

min F(a) < F’(a) = 0, (7

Solution illustrate on the drawing (see Fig. 3). Next it verify ,,candidate for
minimum” (o’ ) calculating in this point value of second derivative function

F’(a):

F(a)=..= 1,833 >0 (8)

Fig. 3. Solution of question of simple scalar optimization
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2.3 Recapitulation and final conclusions

It exert in the first approximation, that conical tank has minimal field of lateral
surface (but what behind it go, grant demanded criterion: minimum of material),
when it lateral is drooping for vertical under corner creating o. = 35° 16 .

Having the corner of creating inclination a and foundations or simplifications
mentioned on admission of preamble, remained dimension of the tank have been
calculated from simple geometric dependences.

Fundamental geometric dimensions of the tank accepted for the farthest technical
and executive design, it present on following drawing (Fig.4).

Fig. 4. Conical tank accepted for the farthest technical design

Assuring, as contact limit, the smallest surface of conical covering with aggressive
environment (the water stored in this tank, so-called: industrial, with mineral small
parts inclusive, about predefined temperature gone up with technological respects)
we can prominently extend the constancy of maintenance of the building (water
tower) in the best condition.
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3. MICRO-GA AS AN EFFECTIVE SOLVER FOR MULTIOBJECTIVE
OPTIMIZATION PROBLEMS

3.1 Genetic algorithms in multiobjective structural optimization

Genetic algorithms (GAs) have become very popular optimization techniques in
structural optimization, but their use in multiobjective structural optimization has
become less common. Additionally, only few researchers have emphasized the
importance of efficiency when dealing with multiobjective optimization problems,
despite the fact that its (potentially high) computational cost may become
prohibitive in real-world applications. In this paper, we present a GA with a very
small population size and a reinitialization process (a micro-GA) [1] which is used
for multiobjective optimization of trusses.

3.2 The micro-GA

This micro-GA approach elaborated by Toscano-Pulido [3,5] works as follows
(Fig.5). It starts with a random population, it uses two memories: a replaceable
(that will change during the evolutionary process) and a non-replaceable (that will
not change) portion. Micro-GA uses 3 types of elitism. The first is based on the
notion that if we store the non-dominated vectors produced from each cycle of the
micro-GA, we will not lose any valuable information obtained from the
evolutionary process. The second is based on the idea that if we replace the
population memory by the nominal solutions (i.e., the best solutions found when
nominal convergence is reached), it will gradually converge, since crossover and
mutation will have a higher probability of reaching the true Pareto front of the
problem over time. The third type of elitism is applied at certain intervals (defined
by a parameter called “replacement cycle”). It takes a certain number of points
from all the regions of the Pareto front generated so far and it uses them to fill the
replaceable memory. Depending on the size of the replaceable memory, it chooses
as many points from the Pareto front as necessary to guarantee a uniform
distribution. This process allows us to use the best solutions generated so far as the
starting point for the micro-GA, so that we can improve them (either by getting
closer to the true Pareto front or by getting a better distribution along it). To keep
diversity in the Pareto front, it use an approach based on geographical location of
individuals (in objective function space) similar to the adaptive grid proposed by
Knowles & Corne [2]. This approach is used to decide which individuals will be
stored in the external memory once it is full. Individuals in less populated regions
of objective space will be preferred. In previous work, our micro-GA has
performed well (in terms of distribution along the Pareto front, and speed of
convergence to the global Pareto front) with respect to other recent evolutionary
multiobjective (vector) optimization approaches, while requiring a lower
computational cost [3].
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Figure 5 : Diagram of micro-GA
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