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Abstract

Nowadays,in the fields ofconstruction, civil engineeringnd architecture there is a
growing demand for desigrg and buildng complex shapes using innovative materials
and technologies. To meet this demand, engineetsr@searchers work in parallel

find thebest solutions in terms of feasibility, speed of construction and. cost

In this framework, 3D printing technology is one of the most challenging solutions
Although it is still under development and not yet fully explored and exploited, the

results obtaiad so far are very encouraging.

The aim of this document is to present an innovative technologhdo8D printingof
reinforced concrete beams. The procedure consists in depositing fresh concrete layers
one above the other thus creating monolithic bldbks are gsbsequently assembled in
order to create complex shapé&en, steel rebar reinforcement is externally installed
only when the assembly is completed by anchoring the bars in specific holes produced
during the printing procesSpecifically, theobject of the present study isetmodeling

and numerical analyseof theprintedobjectto support the mechanical characterization

of the same elements and to identify possible novel solutibnghis document
consideredyeometriesmaterials and methods well as the construction of the madel

and the setting of the analgs#re reported in detaiParticularly, the focus is dedicated

to the description of théoundary conditions, geometgonfigurationsand loading
conditions in order to draw conclus®and to understand the behavior of such elements

when compared to traditional solutions.



Sommario

Al giornondbogaimpo dell dedili zi a, del I 6i ng
sempre piu in @mento la richiesta di progettare e costruire gomplesse utilizzando

materiali e tecnologie innovative. Per soddisfare questa richiesta, progettisti e ricercatori
lavorano in simbiosi per ceare le soluzioni ottimali in termini di fattibilita, velocita di

costruzione e costi.

In questocontesto, lastampa 3D € una delle soluzioni che rispondono maggiormente a
guesta esigenz&ebbene sia una tecnologia ancora in fase di sviluppo e ancora non de
tutto esplorata e sfruttaggpienq i risultati ottenuti finora sono molto incoraggianti.

L6 obbiiequestdo dooumehté quello di presentare una tecnologia innovativa per
la stampa 3D di travi in calcestruzzo armdta procedura consiste nel depositare strati
dical cestruzzo fresco uno sopra | 6altro crec

succeasivamente assemblati per creare forme complésseguito, solo quando la fase

di assemblaggio € completh 6 ar mat ur a i nsc¢ommidd letarse e st er n
nelle apposite cavit@rodote durante la fase di stamphblello specifio | 6 oggett o o
guesto studioe la fased i model |l azione e di analal si nume

fine di validarne la caratterizzazione noacica e per identificare nuove possibili

soluzioni Saranno descritte in dettaglio le geometrie prese in esame, i materiali e le
modalita di stampa e di assemblaggio delle componenti, nonché la costruzione dei
model | i e | 6i mpostazi dme pdheltliec odrmalei di6 ad ft fe,
alla descrizione delleondizioni al contornodelle configurazioni delle geometrie

delle condizioni di carico al fine di trarre delle conclusieri capire il comportamento

dei suddetti elementi quando vengono confrontati con le soluzioni tradizionali.
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1 Additive manufacturing

Additive Manufacturing is a process of incremental formation executed by the addition

of subsequent layers of material without using supplementary instruments or molds, in a
process that is fundamentally opposite to the imgllsubtractiveprocedure.The

fundamental operation in the additive manufacturing process coimsiitsing a solid

model into sectional layers then converted through software in specific format, readable

from the manufacturing machindBetween the manywords used to define this

technology, which is wusually known as {@Dr i nt i ng, t he phr ase
ma n u f a c tthermost suibabla. & can be applied to various technologies not only

the current ones, but also to future developments, for examplearigtiapplications.

Shapeless materials such as liquids, powders, gas and fibers are turned into uniform

solids by physical and chemical processes. One of the best advantages of this process is

to create unique componentldbevenhexpernsivedfoul dn 6
traditional production techniques were usdldreoveradditive manufacturingoffersan

high degree of freedoto design shape. Another key point of this kind of processes is at
economical level: there are great advantages in pkatitiie lowering of production

costs because many natural or recyclable materials areTlsesk characteristics lead

to a greater involvement of architects and designers in this field to meet the increasing

need of customization of structure by custonjig}s

1.1 Evolving of 3D Printing

Thefirst process of additive manufacturing was conceived by Chuck Hull (1986) who
invented the process called Stereolithography (SL), which consist of solidification of
subtle layers of ultraviolet ragensitive liquid by acomputer controlled laser.
Moreover Hull designed a kind of file called STL (Standard Triangulation Language).
It is currently used in digital slicing and buffering processes which are widespread in
many 3Dprinting techniques.From this period on, ni the field of additive
manufacturinghere has been an exponential growth thank to the development of many

production methods.

Some prototyping technology in alternation to stereolithography have been used since
1991, such as Fused Deposition Modeling (FDtig first printing technology. It was
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the laying down of layers of thermoplastic material extruded with threads, which was
sold by Stratasys. In the following years othediive manufacturing technologies

were put into market:

1 SGC Golid Ground Curing)thatused a UVsensitive liquid polymer solidifying
full layers in one pass by flooding UV light through masks created with
electrostatic toner on a glass plate;

1 LOM ( Laminated Object Manufacturingbhat bonded and cut sheet material
using a digitally gided laser;

1 SLS ( Selective Laser Sintering)

Nowadays, there are about fifty additive manufacturing procedures which are based on
many chemical and functional principles, which are used in each stage of production
and design processes of the componeamd which guarantee a few limitations
concerning shaping, complexity and composition of material. The demand of additive
processes in the field of building is more and more increasing, in particular for the
development of technology able to increase thedipess of constructing and which

are mainly based on the study of new natural materials which are suitable at physical

and chemical level to construction demand in the field [1].

1.2 3D printing in Architecture and Construction

Constructionactivity can be onceived as an additive process where many sub
components are laid dowAdditive mandacturing can be applied in theefil of AEC
(Architecture, Engineering and Construclieector essentially in two ways:
i to produce components and stdimponents to besaembled and joined in
order to create larger structures;

1 toprintlargescale and sektanding architectural elements as a whole.
Largescale 3D printing has some useful advantages:

1. to allow to build complex geometries without the elevated cost of manual

labor,
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2. toremovetemporary structures;
3. toreducethe time of constructign

4. toadlow unseen levels of freedom in thesign and realization of forms

Many researchers teams and companies have tried to applied the manufacturing
technology to constructiofield since the first half of the nineties, but today it is still a
challenge for them. The greatest problem in this field cosdémen size of printing
machine available in comparison to the size of buildings which are to be printed. To
resolve this problemmany studies are made recently, to develop laogée 3D
printers and at the same time to test new materials suitable to the technology

applicable to construction field [1].

1.3 Large-Scale 3D Printing

1.3.1 Contour Crafting

The first attempts to build a full 3fprinted building were made in USA though a
Contour Crafting technology, and in Italy though &Bape technology. With the latter,
the automatized production technology is applied for the first time to construction field.
The Contour Crafting allows theeat reduction in the placing of the components and to
cut down the costs ( 75% estimdte

This technology is a combined process, indeed it use both the extrusion, which creates
the profile of the thing and the injection, which creates the inner part a¢hthg. The

nozzle has two plates, a frontal one and a side one, which promote the smooth surfaces
realization in each layer; the side plate can be bent to makethnmgonal surfaces. A

great advantage of this technology is to place thicker materiaklayaromparison to

other methodologies, such as those usiticky liquids, thank to the two plates above
mentioned. This advantage allows the great reduction of produthiames, a main

characteristidor the applications of largecale additive manufaaring.

The wide range of materials used all ows the
The drying times of the material are quick, guaranteeing the support of the following

layers allowing the sefustaining of the printed structydg.
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Figure 1.1 Contour Crafting printing processaken from 1].

1.3.2 D-Shape

The Italian engineer Enrico Dini developedSbape technology in 2004. This 3D
printing system is similar to the others ones, it corstit@ hjection of sand and epoxy

resin which are mixed together and laid down with layers which-a@rém thick. The

actual printable area is 6 by 6 m and theoretically unlimited high, defined anyway by the
selfsustaining capacity of the structure. The datacerning geometry deriving project
design are verified by a finite element software and if it is the case, optirAitedthis

phase the data were converted into the STL language and transferred to the printing

machine, with the beginning of the reainping process.

The sand is laid down in layers and a following spray adds the liquid, which causes a
catalytic reaction infiltrating into the grains. In this way, powder is turned again into the

rock from which it derived, looking like marbj#].
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Figure 1.2 D-Shapetaken from {]

1.3.3 Emergency 3D printing of houses

The contour crafting and the-Bhape were the first experiments of application of 3D
printing in the fietl of construction but they were nitte only applicationghat were
developed. In 2014, the Chinese comp#inSun decoration Design Engineering Co.
usedan enormous printer which was 150 by 10 by 6 m to print ten houses in less than
twenty-four hours.The houses (195 Thwere built with a buget of less than 5000
dollars, showing that the techogical equipment and technical skills can be available

by a few years, with a cheaper and faster alternative in case of emergency or for the

social lower classes [1].

1.4 Manufacturing Building Components

1.4.1 Materials
The additive manufacturing technology uses mainly the granular materials making

waste material very cheap to be used. The research project Emerging Object is aimed at
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apply the uncommon materials to -gldinting techniques also including SLS, FD&hd
LOM. Some of the tested solutions are:

polymers
wood
paper
chocolate

> > > > D>

salt

the result of this research is the realization of@bted house 1.0, commissioned by
Jin Hai Lake Resort Beijing. It was developed combiningtthditional technologies
and3D-printing ones

The fundamental idea is based on a spaces differentiation. -Srakdl printing
machines were used to create various components using different material, such as salt

and glue, which are assembled together at a later time [1].

Figure 1.3 An example of 3D printed wood as a possible building material obtained by, vedsta from

(1]

19



Figure 1.5 Recycle paper employed for 3D printing a hquaken from ]

1.4.2 3D Printed Steel Joints

A research team lead by Arup developed a@Bibting techniquef steel joints during a

project in colaboration withwithinLab, CRDM/3D Systems and Eos Ar up6s i de a
to give a solution for the joints of lightweight tensile structure characterized by a
complex shape and very customized design. The process developed by researchers is
based on additive las sintering principle and employs steel derivatives as printing

materials.

The original material of the structure nodes was stainless steel and then marging steel, a
far stronger material than normal construction steel. The DMLS (Direct Metal Laser
Sinteing) advantages are:
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A weight reduction;
A geometrical freedom preservation

A waste materials minimization

Larger machines and hybrid materials were used to meet the specific demands of

customers and designdig.

(a) (b)

Figure 1.6 a) steel joint produced with traditional techniques; b) 3D Printed Steel Jtaken froml].

1.4.3 Robotic printing

In the field of buildings, the size problem related to the dimensions of printing machine
is partially resolved thank a resdagcs team of thénstitute for Advanced Architecture

of Catalonia (IAAC).They elaborated a manufacturing system using robots called
Minibuilders able to 3Bprint. They are divided in three categories with complementary

functions:

U Foundation robots: arenployed at the beginning for the printing of the first
twenty layers. They are sustained through pipes and are linked to auxiliary

robots providing printing material,
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U Grip robots: they grip themselves to the newly printed structure and help the
placement othe following layers. Each layer is dried immediately printing to
allow the fix of the same robot® the following step. Because of the great
fixing force this kind of robots also allows the realization of ceilings and/ed
walls.

U Vacuum robots: thewre used to reinforce the newly printed structure. They
move up and down on construction and place additional layers of material in the

necessary points, on a perpendicular plane in comparison to the other layers.

Although this technology must be imprakét is a reliable instrumenb overcome the

size limits of 3D printers and to allow the realization of whole buildings [1].

Figure 1.7 The Grip Robots cramp themselves to the existing structure, ankistbarheir four rollers,
they create curved wallsaken from [].

1.4.4 3D Concrete Printing

The Innovative Manufacturing and Construction Research Centre (IMCRC) at the
Loughborough University startetie Freeform Construction project, in collaboration
with the UK Engineering and Physical Science Research Council (EPSRC) and other
partnes. The printing machine developed by the researcher is characterized by a
printing area of 2 by 2 by 2 m and it is based on a principle similar td-uked
Deposition Modelhg (FDM). The difference concerns, in this case, the placement of
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the concrete by a nozzle, workireg constant speedinesé/hat differentiates this
technique from the aforementioned Contour Crafting arshBpe is the possibility of
printing largescale volumetric components esite. Some of the most meaningful

advantages of this technology are:

achievanent ofstructurally optimized constructions

functional integration

the reduction in the assembly compleXity.

Figure 1.8 Free-form construction, this figure shows a complex geometry allows by this techrtakegy

from [1].

1.4.5 Anti-gravity 3D Printing

Conventional methods of additive manufacturing have been typically restricted by
gravity and printingtechniques based on 2D layers tigaiore the object structure.
Another way to neutralize the gravity effect during the course of the printing process is
an intelligence chge of the material, combirtewith the use of innovative extrusion
technology thatllows the creation of 3D curves. A new method was developed by
IAAC and Joris Laarmaistudio: it allows to produce objectvith threedimensional
curves, irregular height buildings, inclined curves and vertical surface. The design team
worked on the pragction of the prototype of the extruder and at the same time
numerous material experimentation had been done to create an appropriate material and
its mixture In the initial phase, acrylic tubes were used as extruder cask attached to the

robotic arms, buthe high viscosity of the material impasthe use odluminum ones.

23



After several attempts, a 50 cm long spiral line connected to a vertical surface was
printed.

The two fundamentally problemsene

1. combination and synchroration of the robotics movemts;

2. material extrusion.

The sustaining elements can be avoided, thanks to the combination of a new extrusion

technology and the hardening thmersresin [1]

Figure 1.9 Anti-gravity 3D printing, with the &lp of the robot and the new extrusion technology the
gravity effect is neutralizedaken from [].
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1.5 Thesis aimsand organization

3D printingtechnologypresentsa range of uses in many different sectors of produgction
science and research. In particulaithin thefield of architecture and civil engineering,
we try to employ this technology to optimize the sections in terms of shape, weight and

functionality.

The idea ofstudying the behavior and the creatafrreinforced concrete beanmmmes
from thecollaboration between the University of Naples Federico Il and the University
of Pavia, involving the respective research departments.

The basic idea is to dde the object of study iseveralsegments which are then
printed separately and subsequently assembled with the external reinforcement bars.
Before theprinting phasethe beam is modeled with a finite element software (Abaqus /

CAE) to predict the belvéor of the printed objectand to study the optimization

The aim of this thesis is to conttunumerical analyse considering bottinear and non
linear problems Particularly for the material modellingin a first stgp we define a
perfectly elastic marial and in a second step aelasticplastic one Furthermore,
different boundaryonditions and load configurations am@nsideredin order to obtain

accurataesults

The doament is structured as follows:

1 Chapter 2: this chapter introduces a genedscriptionof the technology.
Some preliminaries ostructural, topological and shape optimizateme also
reportel;

1 Chapter 3: this section provides an overview of the case studies, the
geometries, the configuration of teectionthicknessand analys types It also
introduces the constitutivanodelused for the nofinear analyss and the results
of the ensile tests carried out on a samjplshow the characteristic behavior of
the material

1 Chapter 4: it describes in detail all the anadégsthe oundary conditions and
load combinations considered together with twnstruction 6 the model.lt
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alsoshows the results obtained from the anedyalong with eme graphics and
representative plotsf thestructuralperformanceesponsg

1 Chapter 5: concusionsaboutthe results and future developments.
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2 Novel approach for the manufacturing of complex shape

The use of 3D printing makes possible the production of extremely complex structures,
which up to a short time ago, using the traditional productiethods, would have been
impossible to achieve or would have required unsustainable effortsirghohkable
costs.Before describing the method developed for the printing of reinforced concrete
elements, optimization and structural optimization concepte®plained. Optimization

is, indeed, a fundamental step in the additive manufacturing process because it allows to
increase printing speediness and, at the same time, to reduce printing time of things and

to save material, and as a consequence to drajte.

2.1 Conceps of optimization and structural optimization

The field of optimization is a branch of applied mathematics which studies the theory
and research methodef the extremes in a model which transferangiven physical
problem in mathematicsri@s. It is the mathematics instrument which allows us to find
the best solution for a problem, where the aim is attained though the definition of the
combination of the factor influencing the same problem. The optimization variables are
modified with iteréive techniques in each step of the process to find the best solution
possiblg2].

According J. E. Gordonos words,fianystruc
assembl age of materi al s w3 Btwdtural optimizaiidne nd e d
is aimal therefore at guaranteeing this functiortie best way possible. It is necessary

to specify the phrase fAbesto in this <case
optimization makes structure very light and reduce weight, preserving the maximal
stiffness to avoid global or local nst abi | i ty. An optimizat.i c
obviously, started without any suited constraints, otherwise the solution wotilk

well defined. Among the constraints which usually used we can mention stresses,
displacenents and/or geometrg][4]. The optimization process can be summarized in

three elements:

- decision variables: are the variables whose optimal valuds aezlefined
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- target function: is the variable which is to be minimized or maximized;

- acceptableet: is the set which contains the possible solutions.

Following, the three maircategorie®f optimizationare reported

9 Parametric optimization
1 Topology optimization

1 Shape optimization

2.1.1 Parametric optimization

In this kind of optimizationsome parametersf the calculation model, are defined
firstly by the user. A validity range between a minimum and maximum is typically
assigned to the parameters, on which the optimization software can work to reach the
goal. Classic examples of optimization parameteesthe thickness of the plate (in
FEM models to shell elements), the elastic modulus of the material and the connecting
elements stiffnes particular case of parametric optimization is the discrete variables
optimization, in whichthe optimal solution isnot sought for any values of the

parameters but only between predefined ¢bps

Figure 2.1 Example of parametric optimizatidgaken from §]
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2.1.2 Topologyoptimization

An automatic optimization algahm is able to indicateto the designer the optimal
shape of a componembr a set of prescribedonstraints.The main difficultiesin a
topolagy optimization procedure is tobtain feasible geometries, especially if the

componenproduction technology is alrepdixed.

In this sense it is possible to insert some information in the optimization, related to the

constructive aspects, such as the extrusion direction enctise of an extruded

,

component{5].

i

N N NN N

| F

Figure 2.2 Example of topology optimizationtaken from 4] and [7]

2.1.3 Shape optimization
Shape optimization is a process where the geometry of a things is modifiedaon a

task in the best way possible. Using the finite element method, starting from a firs
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attempt model, new shapes are created using the same number of nodes and elements,

preserving the same starting topology.

In this case, a Mesh Morphing techniques are used to modify, globally or locally, the

mesh of the analytical model in order to iroye the desired performance in terms of

overall stiffness or local resistance. This technique requires the implementation of a
referencec al cul ati on model , which is named fiba
parametric through the Morphing applicati@ncedefined the geometric changes and

their variance field, they can be applied simultaneously to the baseline design, in order

to determine a modified design which evaluate the performbces

Typically this technique is combined with the optimization apph called Desigof-
Experiments (DoE), with which a limited numbers of modified models is generate.
Through the response of the modified models (experiments) a response surface is
calculate, that is function of the geometric variables of the projelotptigh which the

optimal design is determined.

In the following pictue is reported a simplexampleof shape optimizatianf we hold
the sheet horizontally, it isot able to sustain the selfeight and any other object but if

we bend it slightly insteadt can sustaiboth[6].

Figure 2.3 Example of shape optimizatitemkenfrom [6]

Optimization is an important aspect for -Qliinting, in particular our focus is the
topology optimization, where targkinction is mass and the constraints which must be
followed concern the stresses and the displacements. However, in this document, these

detailscannotbe analyzed because these mentioned principlesdarapplied to the
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current beams, but these will Bpplied for the construction of further beams in future

projects.

2.2 Consideration about the optimization and the proposed printing
method

In this casea more traditional approachsed as the application of 3Winting
technology is in an experimental phaeethe field of civil engineering. The approach

used is based othe Ritter-Morch spatial trellis, which allows to detect the trend of
internal stresses in the concrete and as a consequences the zone where we can remove
material to lighten the section withbchanging the resistance and stiffness features of

the beam. The current studies aim at introduce these optimization algorithms, which are

without any doubt, reliable and fast instrument device to obtain the expected result.
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3 Test cases

This chapter pvided an overview on the two analyzed geometriesstidescrites the
two configurations othicknessandwhich types of analgis (linear or norlinear) have
beenperformed. It will be introduced in this section the constie behavior used for
nonlinear analyss and arealso presented graphskenfrom simulations carried out
with Abaqusto test its effectiveness.

3.1 Geometries

Before going into details in the description of the charactesistieach beams and the
analysis methodology, we need tcesiby that the two beams examined were already
printed and assembled by the Departmerit Structures for Engineering and
Architecture of the University Federico Il of Naples. While the assembly and print
phases were carried out in Naples, the design, madélanalysis phases are carried out
in collaboration with the Department of Civil Engineering and Architecture of

University of Pavia.

The linearanalygs have beerperformedbefore printing to study the trend of the
stresses in a representative modgla classical beam with the compact section to
analyzethe performance of the internal stresses. By studying the latter it has been
propoed a modeling approach based on the strut and tie approaty to lighten the

beam by the seliveight trying tomaintain the strength characteristics

3.1.1 Straight beam
The first beam that has been the object of this project is 3.5 m long with a rectangular
section with awidth of 0.2 m and a height of 0.4 m. The beam was divided into seven

segments of two types:

32



V Type A: this section characterigesix of the seven segments that make up the
entire beam, hang a shape that resemblas'S" and placed in a symmetrical
way, three on edtsidenext tothe central block

V Type B: the only element dhis type is the central &tk which has the shape

that resemblea "T" thathas the keystorkinctionin the beam.

In the Figure 3.1 the suldivision into segmentsand the geometries of the two
elementary blockare represented

0.4m

H=

[=3.50m

438 mn PLI L L 623 rmM

6L nn — S ES pn ~—

=222 m
237 nm
=222 m

453
459
A3

45 min

[ ]

= 00k 458nn

429

Figure 3.1 Beam division and elementary blocks

The first stepis to create a CAD mode{Computer Aided Designkub®quently
imported in the Abaqus/CAFinite Element software foconstructing the complete

numerical model and thezstimatingthe deflecton and the deformability ohe beam.
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The concrete partsavebeenmodelled with eighthodes elements while the steel bars

with a truss element and an elastic constitutive behaxags adopted for both matesal
The following figures show the CAD modeitiv the rebar systen\s we can see from
the figure, the rebar system is compmbsky three type of bars witldifferent
characteristics:

U Type 1.diameter equal to 8 mm atehgth equal td70 mm;

U Type 2: diameter equal to 10 mm dedgth equab60 mm;

0 Type 3: diameter equal to 10 mm dedgth equaB830 mm.

Type |l Type Il Type I

2%2 10 mm I 2410 mm 2%2 410 mm

L = 580 mm L =830 mm L = 580 mm
Type &

Figure 3.2 Cad model
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3.1.2 Curved beam
The second 3D printed beasnan irregular arcabout 4.0 m long with a width equal to

0.25 m.
Suchirregularform hasbeen choseto exploit the basicadditive manufacturing idea,

i.e., that 3D printing allows to realize freeform secsiaand elemerst respect to

traditional manufacturing techniqueBhe initial beam design is depicted in tihgure

below:

0.95 m

0.54 m

i

) 40m )

Fi

Figure 3.3 Initial design

The processs the same adopted for the first beaa®CAD model has been imported in
the Abaqus/CAE software and the numerical mdédel beercreatel to investigate the

approximately bleavior of the beam in tersof deflection and stresses.

Figure 3.4 Mesh of the initial configuration of the second beam test
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Figure 3.5 Deformed configration of the beam and stress plot
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It must be specified that only some results about straight beam will be reported
because the whole work had already finished before the beginning of this project.
Concerning the curved beam, the main topic of this sh@cu and on which the author
worked about, both the step of numerical analysis and project step from the preliminary

test will be reported.

3.1.2.1 Preliminary testson the curved beam
Starting from this simg analysis, three different configuration based oa Ritter
Morsch strut and tie trellis model have been created.

The beam has been divided into ten pautsch areall differentone fromeach other; a

postrebar system has been applied during the assembly phase.

Subsequently, three casef preliminary estshave been implemented, based on the

same configurations described, for estimating the deflectiothastresses.

[

Figure 3.6 Difference between the three configurations
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1. Configuration 1: ten elemeswvith vertical lateral sides

Figure 3.7 Configuration 1

2. Configuration 2:ten elements with steform lateral sides

Figure 3.8 Configuration 2

3. Configuration 3: the only difference with configuration 2 is that in the extremity

elements the strut inclination change

Figure 3.9 Configuration 3
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3.1.2.2 Final geometry configuration

After the preliminary analyse the model has been improved restarting from the cad
configuration. The final configuration is approximately the same with some
improvements like as the repositioning of the bars hole, the outline thickness
configuration, the veical side of the singular elements and the rebar system

configuration.

barre ¢ 16

Figure 3.10 The new beam configuration
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3.2 Thickness configurations

In this subsectionthe thickness configuratisnadoped for the aalyses will be
described Theedgethickness of eachlock is related to the nozzle that s#ye fresh
concrete. For therst printed beam, the nozzle hadliameter equal 85 mm thenthe
thickness of the outline of the block had the same sizeeietivas a singlpathline,

and ® mm if there was a doubfeathline.
For the gcond beam, instead, twlnickness configuratishave been supposed:

1. Thickness 1: only the top side of the beam has a dopdule line with a
thickness of 50 mm, while the tesf the model has a 25 mm of thickness;
2. Thickness 2: the whole model has a doyidéhline with the exception of bar

holecords.

The nozzle for thee two configuration has beexpressly3D-printed forthis purpose

by the department of Civiliigjineeringand ArchitecturgUniversity of Pavia

Figure 3.11 Thickness 1

Figure 3.12 Thickness 2
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3.3 Analyses description

In this subsection the kinds of dyses caned out will be described, focusing our

attention on the controlled displacement analyses and explaining the meaning of:

1 linear analyse
1 nonlinear analyse

With the first ones we mean that in the material property has been employed an elastic
constitutive behavior for both materglsteel and concrete. This approads tbeen
utilized for the analyseon the first printed beaand on thdinearanalyss (mentioned

in the paragrapB.1.2.2)about the curved beam.

The material parameters employed in tmedir analyss on the first and on the second

beamare reported in the table below:

Concrete Steel
E (Gpa) 30 210
3 0,2 0,3

Table3.1 Materials parameters for the straight beam

Steel Concrete
E [MPa] 210 30
3 0.3 0.2
AN [ Ton/ | 7.8E09 2.24E09

Table3.2 Materials parameters for curved beam

In the secondyroup of analysesinstead,it has been implemesd an elastieplastic
constitutive behavior described in the next paragraph.

On curved beam, of both typologies described over therde two thickness
configurdion have been used and combined with two constraints employed: contact and
tie.
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The nonlinear analyss have been conductedthe following ways:

A the first group of analys encompasses the four base model analyzed in which
only the concrete parametensive been changed. These aredyBave been
implemenedto obtain a direct comparison with the linear ones in ternosd=r
of magnitude of the results;

A the second and larger group encompassesthall analyse conducted in

displacement control

The enity of the vertical displacement in the mégan in norinear analyses is very
beneath of the value of 1 Hiineter. A vertical displacement in the m&pan has been
appliedin order to investigatas far as its possible to push itsefFurthermore in@me
models it has been decided to apply a conceptually similar displacen@eiducethe
same effect of lowering in the mipan: a horizontal dplacement is applied to the
right support For the purpose of the investigatiothree attempt values of the
displacement are proposed: 1, 2 and 3.machdisplacemenhas been applied with
three different configuration described below:

1) vertical displacement in the mgpan applied on a sekefined by two faces
resulting from the cross secti@iigure 3.133)

2) vertical displacement in the migpan applied on a reference point which has
been bounded with the abovementionedBigiure 3.13k)

3) horizontal displacement applied on the right support of the l{Eaure 3.13c)

Moreover, the displacement, is not apgl instantaneously but through a linear
monotonically increasing function
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configuration 2
configuration 1

configuration 3

Figure 3.13 Localization of configuration on the beam

Figure 3.14 In order fromthe left the three methodologies for the displacement application

3.4 Mander constitutive behavior

The first step to implement the néinear analyssis to definea nonlinear constitutive
behavior of the concrete. The Mand@] constitutive behavior appach has been

adopted.

3.4.1 The basic equation for monotonic compression loading

Mander et al. (1984) proposed a unified st®sain approach for confined concrete
applicable to both circular and rectangular shaped transverse reinforcement. The stress
strainmodel is based on an equations suggested by Popovics (B).7Bpr a quasi

static strain rate and monotonic loading the longitudinal compressive concrete stress, fc,

is given by:
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~ z z

Q0 (3.1)
wherefc ="Qz p&uvTtcg LT p - ¢z — is the compressive strength
of the confined concrete.

& — (3.2)
where - = longitudinal compressive concrete strain

- == 2 p V2 — p

as suggested by Richart et al. (1928), wh@reand- are the unconfined concrete

strength and coesponding strain, respectivegnd
i — (3.3)
where

0O =u nTEN'Q MPa is thaangent modulus of elasticity of the concrete (3.4)

and
0 =— (3.5)

To define the stresstrain behavior of the cover concrete the part of the falling branch
in the region where > 2*- is assumed toéa straight line which reaches zero stress

at the spalling strain, [8].
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Figure 3.15 Stressstrain model proposed for monotonic loading of confined and unconfined cancrete
takenfrom[ 8]

Since the3D printed beam is an unconventional beam and it is also constituted by
unconfined concrete, we need adapt the equations abovementioned to our case, then
theybecome:

- =0.002

O =umnmENQ

O ©O

the concrete strain have been imposed starting from 0.0001 to 0.0382 with an

increment about 0.0001

w — calculate for all values of (3.6)

” “Q Z (bZ

calculate for all values of (3.7
Subsequently the plastic strain is given by:

; ; - (3.8)
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(0 ‘—] (3.9)
In the following talkes the numerical values of the parameseesrepresented

Fco U c| Ec Esec r E

53,3 | 0,002 |36503,4 26650 3,70464 36424,2
Table3.3 Fundamental parameters

Uc X U _pl

0,01180 5,900 | 1,7752 |0,011756

0,00010 0,050 | 3,650 | -2,2E07 0,01220 6,100 |1,775209 0,012159
0,00020 0,100 | 7,300 | -4,2E07 0,01260 6,300 |1,775218 0,012563
0,00030 0,150 | 10,947| -5,5E07 0,01300 6,500 |1,7752270,012966
0,00040 0,200 | 14,587| -4,907 0,01340 6,700 |1,77523 |0,013368
0,00050 0,250 | 18,212 0 0,01380 6,900 |1,775246 0,013771
0,00060 0,300 | 21,809| 1,25E06 0,0142Q 7,100 |1,7752460,014173
0,0007Q 0,350 | 25,361 3,74E06 0,0146Q 7,300 |1,7752460,014575
0,00080 0,400 | 28,845| 8,09E06 0,01500 7,500 |1,7752460,01877
0,00090 0,450 | 32,234| 1,5E05 0,01540 7,700 |1,775246 0,015378
0,00100 0,500 | 35,497| 2,55E05 0,01580 7,900 |1,775244 0,01578
0,00110 0,550 | 38,596| 4,04E05 0,01620 8,100 |1,7752460,016181
0,00120 0,600 | 41,492| 6,09E05 0,01660 8,300 |1,7752460,01652
0,00130 0,650 | 44,146| 8,805 0,01700 8,500 |1,775246 0,016983
0,00140 0,700 | 46,517(0,000123 0,0174Q 8,700 |1,7752460,017384
0,00150 0,750 | 48,569|0,000167 0,01780 8,900 |1,775246 0,017785
0,00155 0,775 | 49,466|0,000192 0,01820 9,100 |1,775246 0,018186
0,00160 0,800 | 50,273| 0,00022 0,0186Q0 9,300 |1,7752460,018587
0,00165 0,825 | 50,987| 0,00025 0,01900 9,500 |1,7752460,018988
0,00170 0,850 | 51,606|0,000283 0,01940 9,700 |1,775246 0,019388
0,00175 0,875 | 52,129/0,000319 0,01980 9,900 |1,775246 0,019789
0,00180 0,900 | 52,554|0,000357 0,02020 10,100|1,775244 0,02019
0,00185 0,925 | 52,883|0,000398 0,02060Q 10,300|1,775244 0,02059
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0,00190

0,950

53,116

0,000442

0,00195

0,975

53,254

0,000488

0,00200

1,000

53,300

0,000537

0,00205

1,025

53,255

0,000588

0,00210

1,050

53,124

0,000642

0,00215

1,075

52,909

0,000697

0,00220

1,100

52,616

0,000755

0,00225

1,125

52,247

0,000816

0,00230

1,150

51,809

0,000878

0,00235

1,175

51,306

0,000941

0,00240

1,200

50,744

0,001007

0,00245

1,225

50,126

0,001074

0,00250

1,250

49,460

0,001142

0,00255

1,275

48,750

0,001212

0,00260

1,300

48,000

0,001282

0,00265

1,325

47,217

0,001354

0,00270

1,350

46,405

0,001426

0,00275

1,375

45,568

0,001499

0,00280

1,400

44,711

0,001572

0,00285

1,425

43,838

0,001646

0,00290

1,450

42,953

0,001721

0,00295

1,475

42,060

0,001795

0,00300

1,500

41,161

0,00187

0,00340

1,700

34,096

0,002464

0,00380

1,900

27,819

0,003036

0,00420

2,100

22,627

0,003579

0,00460

2,300

18,472

0,004093

0,00500

2,500

15,187

0,004583

0,00540

2,700

12,593

0,005054

0,00580

2,900

10,536

0,005511

0,00620

3,100

8,894

0,005956

0,00660

3,300

7,572

0,006392

0,00700

3,500

6,498

0,006822

0,00740

3,700

5,618

0,007246

0,00780

3,900

4,890

0,007666

0,00820

4,100

4,284

0,008082

0,00860

4,300

3,775

0,008496

0,00900

4,500

3,344

0,008908
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0,02100

10,500

1,775244

0,020991

0,02140

10,700

1,775244

0,021391

0,02180

10,900

1,775244

0,021792

0,02220

11,100

1,775244

0,022192

0,02260

11,300

1,775244

0,022592

0,02300

11,500

1,775244

0,022993

0,02340

11,700

1,775244

0,023393

0,02380

11,900

1,775244

0,023793

0,02420

12,100

1,775244

0,024194

0,02460

12,300

1,775244

0,024594

0,02500

12,500

1,775244

0,024994

0,02540

12,700

1,775244

0,025394

0,02580

12,900

1,775244

0,025795

0,02620

13,100

1,773246

0,026195

0,02660

13,300

1,775244

0,026595

0,02700

13,500

1,775244

0,026995

0,02740

13,700

1,775244

0,027395

0,02780

13,900

1,775246

0,027796

0,02820

14,100

1,775244

0,028196

0,02860

14,300

1,775244

0,028596

0,02900

14,500

1,775244

0,028996

0,02940

14,700

1,775244

0,029396

0,02980

14,900

1,775244

0,029796

0,03020

15,100

1,775244

0,030196

0,03060

15,300

1,775244

0,030597

0,03100

15,500

1,775244

0,030997

0,03140

15,700

1,775244

0,031397

0,03180

15,900

1,775244

0,031797

0,03220

16,100

1,775244

0,032197

0,03%0

16,300

1,775244

0,032597

0,03300

16,500

1,775244

0,032997

0,03340

16,700

1,775244

0,033397

0,03380

16,900

1,775244

0,033797

0,03420

17,100

1,775244

0,034197

0,03460

17,300

1,775244

0,034598

0,03500

17,500

1,775244

0,034998

0,03540

17,700

1,775244

0,035398

0,0380

17,900

1,775244

0,035798




0,00940

4,700

2,978

0,009318

0,00980

4,900

2,664

0,009727

0,01020

5,100

2,393

0,010134

0,01060

5,300

2,158

0,010541

0,01100

5,500

1,954

0,010946

0,01140Q

5,700

1,775

0,011351

0,03620

18,100

1,775244

0,036198§

0,03660

18,300

1,775244

0,036598

0,03700

18,500

1,775244

0,036998

0,0340

18,700

1,775244

0,037398

0,03780

18,900

1,775244

0,037798

0,03820

19,100

1,775244

0,038198§

Table3.4 Compression behavior curve parameters
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Figure 3.16 Mander constitutive behavior, compression behavior curve

3.4.2 The tensile constitutive behavior curve

For the tensile behavior a linear approach has been adopted, a straight line has been

implementedstarting from the tensile characteristic stress of the concrete to the 20% of

that, with a final pl astic

tensile characteristic stress of the concrete starting from the compression resistance

adopted:
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The points for the straight line are:

(2,975:0) (0,595 ;0,005 )

and the equation is
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where y represented the strain values and x represented the stress value.

In the following table the numerical valuase reported.

1,220254

0,003685

1,200085

0,003727

1,179915

0,00377

1,159746

0,003812

1,139574

0,003854

1,119407

0,003897

1,099237

0,003939

1,079068

0,003981

1,058898

0,004024

1,038729

0,00406®

1,018559

0,004109

0,99839

0,004151

0,97822

0,004193

0,958051

0,004236

0,937881

0,004278

0,917712

0,00432

0,897542

0,004363

0,877373

0,004405

0,857203

0,004447

0,837034

0,00449

0,816864

0,004532

0,796695

0,004574

0,776525

0,004617

0,756356

0,004659

0,736186

0,004702

0,716017

0,004744

0,695848

0,004786

stress plastic strain

0 0 2,087542 0,001864
2,92948 | 9,55786ED5 2,067373 0,001906
2,914491526 0,00012706¢ 2,047203 0,001948
2,8943220350,000169424 2,0270340,001991
2,874152544 0,00021178 2,006864 0,002033
2,853983053 0,00025413¢ 1,986695 0,002075
2,833813562 0,000296497 1,966525 0,002118
2,8136440710,000338847 1,946356 0,00216
2,79347458|0,000381203 1,926186 0,002203
2,773305089 0,00042355¢ 1,906017 0,002245
2,75313559§ 0,000465911 1,885847 0,002287
2,7329661070,00050827] 1,865678 0,00233
2,712796616 0,000550627 1,845509 0,002372
2,6926271250,000592983 1,825339 0,002414
2,672457634 0,000635334 1,80517|0,002457,
2,6522881430,000677694 1,785 |0,002499
2,632118652 0,00072005] 1,764831 0,002541
2,6119491610,000762407 1,744661 0,002584
2,59177967|0,000804763 1,724492 0,002626
2,5716101790,000847114 1,704322 0,002668
2,551440684 0,00088947" 1,684153 0,002711
2,531271197 0,00093183 1,663983 0,002753
2,51110170¢ 0,000974.86 1,643814 0,002795
2,4909322150,001016542 1,623644 0,002838
2,4707627240,00105889¢ 1,603475 0,00288
2,4505932330,001101254 1,583305 0,002923
2,430423747 0,00114361 1,563136 0,002965
2,4102542510,00118596¢ 1,542966 0,003007
2,39008476|0,001228327 1,522797 0,00305

0,675678

0,004829
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0,655509

0,004871




Table3.5 Tensile behavior curve parameters

2,3699152690,00127067¢ 1,502627 0,003092 0,635339 0,004913
2,34974577§0,001313034 1,4824%|0,003134 0,61517|0,004956
2,329576287 0,00135539 1,462288 0,003177 0,595 |0,004998
2,309406794 0,00139774¢ 1,442119 0,003219 0,595 |0,005089
2,2892373090,001440107 1,421949 0,003261 0,595 | 0,00518
2,2690678140,00148245¢ 1,40178|0,003304 0,595 |0,005271
2,2488983230,001524814 1,38161|0,003346 0,595 |0,005362
2,2287288370,00156716¢ 1,361441 0,003388 0,595 |0,005453
2,2085593410,001609525 1,3412710,003431 0,595 |0,005545
2,18838985| 0,00165188] 1,321102 0,003473 0,595 |0,005636
2,16822359| 0,001694237 1,300932 0,003516 0,595 |0,005727
2,14805086§ 0,001736593 1,280763 0,003558 0,595 |0,005818
2,12788137710,00177894¢ 1,260593 0,0036 0,595 |0,005909
2,10771188¢ 0,00182130¢ 1,240424 0,003643
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Figure 3.17 Mander constitutive behavior, tensile behavior curve

To realize the graph about the tensile concrete behavior, it needed to introduce the

elastic branch. In order to obtain this, the equation of the straight line of the elastic
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branch in the graph, representing the compression behavior was found. Systematizing
the two equatiog) the meeting point, dividing the elastic branch and the sofjesne,

was determined.

3.5 Simulation of a tensile test

In order to verify the effectiveness of the material just implemented, a simulation of a
tensile test has been conducted on a concrete cube which has the edge size equal to 10

cm. The cubas bounded o three faces with the following constraints:

1 X-symmetric, in which U1 = UR2 BR3 = 0;
1 Y-symmetric, in which U2 = UR1 = UR3 = 0;
1 Z-symmetric, in which U3 = UR2 = UR1 = 0.

A controlled displacement has been applied to urge the cubedigplacementases
have been employed in which the value @& thsplacement change each time with the

following scheme:

1) 0.25 mm
2) 0.5 mm
3) 0.75 mm
4) 1 mm

Figure 3.17 shows the boundary conditions applied to the cube and in particular the
arrows in the Airection represent theirdction of theimposed displacement. Figure
3.18, instead, shows a plot of the deformed model highlighting the entity of the
displacement in the-direction.Furthermorethe graphics reported below represent the

constitutive behavior curve ( stressan) for each displacement case.
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Figure 3.18 Boundary conditions on the cube, the arrows idirection represent the displacement
direction

u,us
+2.500e-01
+2,202e-01
+2.0838-01
+1.875e-01
+1.667e-01
+1.4588-01
+1.250e-01
+1.042e-01
+8.333e-02
+6.2508-02
+4.167e-02
+2.083e-02
+0,000e+00

Figure 3.19 Conbur plot of the displacemett3 in the first load case

The final scope of these tests isdiotain a stresstrain graphics to compareittv the
Mander [8] constitutive behavior implemented in the analyses.db this, it was

necessary to plot the stresgastrain variables in function of time separately and then
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combine them in a single graph to obtain the desired constitivavior.

are sorted by increasing imposed displacement

he graphics
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Figure 3.20 Stressstrain graph aboutase 1

1.5

—— sigma-epsilon case 1 ‘

2.5 T T

2.0F

1.5+

Stress

1.04

0.5+

4.0

5.0[x1.E-3]

0.0 L
0.0 1.0 2.0
Strain

Figure 3.21 Stressstrain graph aboutase 2
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Figure 3.22 Stressstrain graph aboutase 3
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Figure 3.23 Stressstrain graph aboutase 4

How we can see from the graphics, whilee displacement imposed increases, the

stressstrain graph changéss shape. In particular we can see the transition from elastic

behavior to the akticplastic behavior.

A further graph depis the ewvelop between the founbtainedgraphics in order to

show the shape changing related to the displacement entity:
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Figure 3.24 Envelope

3.6 The printing madine

The printer used to builthe aforementionedeams was made by the WASP grooipe

of the most forefronttalian enterpriseThe external frame of the machine is composed
by three vertical uprights assembled wilagonals metal bands to ensure sighbil
Thus, he print area obtained is a triangle having each side of about 4 m. On top of the
uprightsthree bracesre connected, one on each upright, supporting thanginead.

The last onés formed by a conical container with a capacity of 20 ligngh, through

the braces movemerglong the uprights, can be moved hontally and vertically and

can reach a heiglof 1.5 m above the ground. The fresh concrete content inside the print
head is extruded fromnaendlessscrew through a nozzle, whichrchave a variable
diameter. The priimig head movement is controlled by a control unit that works with an

STL and software that providés the pinter the following inputs:

A the path that the head should follow during the printing process of each layer;
A the height of the layer;
A the print head speed

The element is printed layday layer in vertical direction, orthogonal to tleéement
designplane. A series of parameters influences the thickness of the printesllthas
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viscosity of the fluid;
extruson force;
nozzle diameter;

layer thickness;

> > > > >

print speeds.

The optimal balance between these elements also guarantees the stability of the layer
just been printed, and tlvapability to sustaithe weight of subsequent layers

Particular attention was ghto the viscosity of the fresh mortar, as the demand of
making the printing material extrudable and buildable. In addition, it was necessary a
great strength of concrete to balance the weakness in the connection points between
layers. Finallythe concret must have a small aggregate size in relation to nozzle

diameter (25 mm).

The mortar composition was studied tne Department of Structures for Engineering
and Architecture of the University Federico Il of Napllesough mixdesign techniques
which leadto the definition of optimal percentage of each component. It was also added

a small percentage of polypropylene short fibers, to increase viscosity.

To test the mechanical characteristics of concrete, during the printing phase, some
samples were taken, t@mrried out the monaxial compression testnd to obtain the
characteristicresistancesR. and Fkx whose values are standard. Moreover, some
cylindrical specimens were made through the printing machine, to compare this result
with the previous ones. #/can note that the compression resistance of the printed

material is about less than 16%. Maybe this discrepancy is caused by:

1 an imperfect bond between the layers that can initiate the failure of the
specimen
1 areduced thickness of the wall, that caadiéo a stress concentration and may

trigger the failure of the specimen

Considering this, it is important caref@valuation of all physical and chemical

properties of the material before the printing phase.

Figure 3.24 reportetth the next page showsdlprinter machine.
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Figure 3.25 Printer machine
The next figure represesithe printing process of the elements of the straight beam and
the first phase of the assembly procedure in wilhehelements areogitionednext

eachto one another.
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Figure 3.26 Printing and assembly processes of the straight beam

A lateral and front view of the assembled beam are reported below:

Figure 3.27 Lateral view

Figure 3.28 Front view

The last figures depicted the curved beam printing and the final assembly:
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Figure 3.30 Two printed elements tfecurved beam
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Figure 3.32 Curved beam assembled
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4 Numerical analyses

This chapter will describe the model construction, that is approximately the same for all
models, and subsequently all the analyses with relative boundary conditions, loads
applied and the mosignificant plot of stress and displacement quantities will be

reported.

4.1 Straight beam

This paragraph shows the numerical model and two plots of the stresses in the concrete
elements and in the steel bars about the straight beam.

It must be rememberedhdt only some results about straight beam will be reported
because the whole work had already finished before the beginning of this project.
Concerning the curved beam, the main topic of this document and on which the author
worked about, both the step mdimerical analysis and project step from the preliminary

test will be reported.

Figure 4.1 Numerical Model

Vertical supports are been modelled on the two sides of the beam with a total span of
3.2 m anda distributed uniform load equal to 0.9 Kn/m was applied for the analyses.

The figure reports the deformation path and the axial stress in the steel bars:
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5, Max. Principal (Abs)
(Avg: 75%)
+9,807e-01

+3.000c-02
-6.400e-02
-1.580e-01
-2.520e-01
- ~3.460e01
-4.400¢-01
-1.144e+00

Figure 4.2 Deformation Pat with the plot of thenax stress component

S, Maic. Prindpal [Abs)

Fel. radius = 1.0000, Angle = -00.0000

(Arg: 75%:]
+6.110=+00
+4,6509 +00
+3.208= +00
+ L¥3Fe+00
+305F=-01
-L1ddet+ 0D
-2.505a+ 00
-4046e+ 00
“3497 e+ 00
-6.948e+ 00
-8.399e+00

Figure 4.3 Axial stress in steel bars

Finally, the beam has been printed element by element that were subsequently

assembled with the help of the steel bars that have been fixtaeiinhole with an

epoxy high strength resin.

It can be seen on the basis of the results that both the inner stresses of concrete and
reinforcement bars are acceptable values. Therefor the beam does not exhibit some

particular resistance and deformatioolgems, under its uniquely seifeight load.
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4.2 Model construction

4.2.1 Abaqus/CAE software

Abaqus/CAE is a suite of powerful engineering simulation programs based on the finite
element method. It contains an extensive library of element that can model any
geomety, furthermore itallowsto import geometry from many different CAD software
packages. Using this program we are able to use various different material models to
simulate the behavior of most typical engineering materials like metals, rubber,
polymers, renforced concrete, geotechnical materials and other more.

Designed as a genefalirpose simulation tool, Abaqus/CAE can be used to study more
than just structural problems. It can simulate problems in such diverse areas as mass
diffusion, thermal managemewnf electrical components, acoustics, moils mechanics
and piezoelectric analyses. Furthermore it offers a large range of capabilities for
simulation linear and nelinear applications; problems with multiple components are
modelled by associating the geeitny defining each component with its material model

and the appropriate component interaction.

Abaqus/CAE automatically choaseappropriate load increment and convergence
tolerance in a nofinear analyses, and continually adgigtem during the analysito

ensure that an accurate solution is obta[8¢d

4.2.2 Part module

In the Part module we are able to design any geometry for the model construction or to
import a sketch designed with other Cad software. In this module we create the model
that may be the ole model if is a simple geometry or we can construct a single part of
the model that will be assembled in the assembly mddole In our case the second
procedure has been chosen because of the complexity of the gedimet, a single
element parthas been create for each element importing a sketch from AutoCad
software. In the end there are ten parts for the concrete beaomanpdirt for the rebar

system.
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Figure 4.4 Example of a single element part

4.2.3 Propertymodule

In this module we are able to assign the property of the parts like the material and the
section. Before editing the section properties we must define the material that will be
assigned to the corresponding secti@nlinearelastic constittive behavior has been
used for both materisland whose characteristics are already reported in table 3.1 and
3.2

For the nodinear analyses a ndimear constitutive behavidras been implementdadr

the concrete that is described in chapter 3.

After that, we are able to create a section for each element type, which in this case are
three:
71 Concrete: solid and homogeneous section type
Steel brackets: truss section type with 201°mofitross section
Steel tie: beam section type with circular profile shapd 201 mrhof cross

section

Then tlesesectiors have been assigdeo their corresponding parts.

4.2.4 Assemblymodule

The first step to obtain a global assembly of the parts is that create a part instance for
each part existing in the model. Part instart@a be thought of as representation of the
original parts. Each part is oriented in its own coordinate system and is independent
from the otherparts inthe model. Although a modetontairs severalparts,only one
assemblycan be defined10]. The geometryof the assemblys definedby creating
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instances o part and then positioning tiestances relative to each other in a global
coordinate system. Amstance may be independent@pendent.

In this phase also the surfacan particular those of botide of each concrete element,
the global front and rear surface of the entire model and the rebar nodessetsary
to constrain blocks and bars in mutual connedtiave been created.

Belowthe whole assembly and an example of vertical sudezegpresented

Figure 4.5 Global assembly

Figure 4.6 Vertical surface
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4.2.5 Stepmodule
The step module has been used to perform the following tasks:

U To aeate analsis stepswithin a model wedefine a sequence of one or more

analysis steps. The step sequence provideseenient way to capture changes
in the loading and boundary conditions of the model, changi® iwvay parts

of the model interact with each othéhe removal or addition of parts, and any
otherchanges that may occur in the model during the course of the anhdysis.
addition, steps allowo change the analysis procedure, the data output, and
various controls.

U To gecify output requestAbaqugCAE writes output from the analysis to the

output database; we capecify the output by creatingutput requests that are
propagated to subsequent analysis steps. An output request defines which
variables will be output during an analysis step, from whagfion of the model

they will be outputand at what rate they will be output.

In our case two stefhawe been created: the initial oaad the stefd in which the load
applied and the boundary conditions ubatiebeen specifiefil0].

4.2.6 Interaction module
In this module Abaqus/CAE allato define the interaction type between the regions of
the model. There are many kind of interactions like as general contact, dorface
surface contact, fluid cavity, fluid exchange and others. In this phase we arblalsm a
define the constraints between parts or region of the model, like as tie, rigid body and
others.
In our analyses the tie constraint on the first group of analyses and the contact
interaction on the second ohave been employedhe two typologiesra described
subsequently:
1 Tie: A tie constraint allowgo fuse together two regions even though the
meshes created @he surfaces of the regions may be dissimilar.
1 Contact: A contact interaction property can define tangential behavior (friction
and elast slip) and normalbehavior (hard, soft, or damped contact and
separation)For the tangential behavior a friction coefficient equal to GiEd$

been definedIn addition, a contact property can contamormation about
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damping, thermal conductance, timeil radiation, and heat generation due to
friction. A contact interaction property can be referred to by a general contact,

surfaceto-surfacecontact, or seitontact interactiofil0].

4.2.7 Loadmodule

In the load module the load applied and the boundary tonsihave been defined. For
these analyses only gravity load has been applied while three boundary conditions have
been employed that are combined each other to obtain the desired constraints on the

beam:

1) Zipper: applied on the right edge of the bottaud of the first element in which
the displacements U1, U2 and U3 are equal to zero;

2) Support: applied on the left edge of the bottom face of the last element in which
the displacements U2 and U3 are equal to zero;

3) BCL1: applied on the left edge of the bottdace of the first element and on the
right edge of the bottom face of the last element in which the displacement U3 is

equal to zero.

4= Edit Boundary Condition PG

Mame: Cerniera

Type:  Displacement/Rotation
Step: Step-1 (Static, General)
Region: (Picked) R?

CSYS: (Glebal) [3 L

Distribution: | Uniform El fix)
u1: 0

u: 0

Uz 0

[E] UR1: radians
[ UR2: radians
D UR3: radians
Amplitude: | (Ramp) El F\J

Figure 4.7 Example of boundary condition editor

In this module, a contlled displacement is also defined for Aorear analyses, which

is implemented through a temporal function called Amplitude.
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4.2.8 Meshmodule

The mesh module allsmto generatemeshes on parts and assemblies created within
Abaqus/CAE.We must specify that éhparts are associated with dependent inssance

so when we mesh one part, Abaqus/Céfplies the same mesh to each dependent
instance in the assembljjo mesh the assembly the seeding procedure has been used in
which seeds, that are markers, pftaceal along the edges of a region to spedife

target mesh density in that region. A free mesh technique has been adopted and the

approximately size of the elements is equal to 15[fh

Figure 4.8 Mesh completd

4.2.9 Jobmodule
In the job module we are able to analyze the model. The basic steps for analyzing the
model are:
a) To aeate ando configure an analysis job: in this phasbaqus/CAE asks$o
name the new job and to associate it with a model selected frommdtiel
database or witlan existing input file. We are able select any model that
exists in the database. The job editor alléevsonfigure the job settings;
b) To write the input file:submiting a job associated with a model for analysis,
Abaqus/CAE fist generates an inpdile representingthe model and then
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Abaqus/Standard, Abaqus/Explicit, or Abaqus/CFD perfdirasanalysisising
the contents of this file;

c) To submit the job for analysis:isahe analysiprogresses, Abaqus/CAE displays
information flom the status, data, log, and message files in themjohitor
dialog box. Afterthe job is completedye can display results from the output
databasén the visualization modulgL0].

4.2.10 Visualization module

Finally, this module allows to display the intexdiate and final results of the analysis,
using multiple tools and functions, which allow, for examfeplotthe stress state in a
section and the variation over time of the displacement componarmarticular point,
to use the appropriate scaledeformations to better redtle displacements and to see
the evolution of the model through animatidrty.
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4.3 Curved beam, preliminary test

In accordingto the procedure adoptethe configurationsdescripted in chapter three
have beenimported in the AbaggCAE softwareto investigatethe approximately

behavior of the beam.

All three configuratios are characterizedith two load configuratios the first consist
in the gravity load, the weight of the beam; the second, instead, sansisie ful

secton beam weight, (aboutZ® Kn) divided into eighteen concentratiorces and
applied on the top side of the beam.

Figure 4.9 Example of the application load procedure

The boundary conditions adopted weingperzipperapplied on the bottorface of the

external elements in which displacements U1, U2 and U3 has been bounded.
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:  cerniere

Displacement/Rotation

Step:  Step-2 (Static, General)
: Set-2

| Csvs: (Global)

Method: Specify Constraints

Distribution: Uniform
V] ut: 0
V] v2: 0
viu3: 0
[7] URL: radians
"] UR2: radians
"] UR3: radians

Figure 4.10 Boundary conditions

Furthermoreye must specify thathe model analyzedias a monolithic beam because
there wasiotany particular constraints between the elements ( such as cortiact or
constraints), indeedhe whole model from Cadas been importeand not the singular

elements.

ANALYSIS 1

Configuration 1

Boundary conditions: zipperzipper

Load applied: gravity + concentrated forces on top side of the beam

Figure 4.11 Configuration 1, numerical model
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5, 511

(avg: 759
+1.471e+02
+1.054e+02
+6,375e+01
+2,206e+01
-1.963e+01
-6.133e+01
-1.030e+02
-1.447e+02
-1.864e+02
-2.,281e+02
-2.698e+02
-3.115e+02
-3.532e+02

Figure 4.12 Configuraton 1, concrete stress S11

u, uz
+8.699e-01
-1.762e+00
-4.3942+00
-7.026e+00
-0.6588+00
-1.2208+01
-1.4928+01
-1.755e+01
-2.019e+01
-2.282e+01
-2.545e+01
-2.808e+01
-3.071e+01

Figure 4.13 Configuration 1, displacement U2

ANALYSIS 2
Configuration 2
Boundary conditions: zipperzipper

Load applied: gravity + concentrated forces on top side of the beam

Figure 4.14 Configuration 2, numerical model
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S, 511

(Avg: 75%)
+1.525e+02
+1.085e+02
+6.457e+01
+2.061e+01
-2.335e+01
-6.732e+01
-1.113e+02
-1.552e+02
-1.992g+02
-2.432e+02
-2.871e+02
-3.311e+02
-3.751e+02

Figure 4.15 Configuration 2, concrete stress S11

U, uz
+7.8928e-01
-1.711e+00
-4.214e+00
-6.717e+00
-9.221e+00
-1.172e+01
-1.423e+01
-1.673e+01
-1.923e+01
-2.174e+01
-2.424e+01
-2.674e+01
-2.925e+01

Figure 4.16 Configuration 2, displacement U2

ANALYSIS 3
Configuration 3
Boundary conditions: zipperzipper

Load applied: gravity + concentrated forces on top side of the beam

Figure 4.17 Configuration 3, numerical odel
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5, 511

(Bvg: 75%)
+1.653e+02
+1.235e+02
+8.171e+01
+3.991e+01
-1.879e+00
-4,367e+01
-8.547e+01
-1,273e+02
-1.691e+02
-2.108e+02
-2.526e+02
-2.944e+02
-3.362e+02

Figure 4.18 Configuration 3, concrete stress S11

u, uz
+3.571e-01
-2.143e+00
-4.6442+00
-7.144e+00
-9.645e+00
-1.215e+01
-1.465e+01
-1.715e+01
-1.965e+01
-2.215e+01
-2.465e+01
-2.715e+01
-2.965e+01

Figure 4.19 Configuration 3, displacement U2

In the tablsthe midspan deflection (U2and the maxnhum stress (S11) in the concrete

are reported

Configuration Deflection(mm) S11(N/mmq)
1 -30,7 147,1
2 -29,3 152,5
3 -29,7 165,3

Table4.1 Results about preliminary tests

As it can be seem the table the results magnitude excéesl standard values of the
material. This pheromenon is caused by the absence of steel reinforcement bars in the
models used in these test$he analyses only aimed at veyiig the correctness of the

numerical model and absenof modelling defects.
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4.4 Curvedbeam, linear analyses

In this section are described some of the most significant linear analyses carried out on
the final beam geometry before the pmgtiprocessin these analyses it was used the

aforenentionedmproved model

ANALYSIS 1
Thickness configuration: 1

Boundary conditions: zippersupport+ BC1

BC1(U3=0) support (U2, U3=0) gc1(u3=0)

\
\

Y
ZOL"‘

zipper (U1, U2,U3=0)

Figure 4.20 Boundary conditions 1

Constraint between concreteelements:tie on the whole contact surface

Load applied: gravity

U2 mid-span =-0.211 mm

Figure4.21 Analysis 1, diglacement U2
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s, 511
(Avg: 75%)
+1.866e+00
+1.576e+00
+1.287e+00
+9.970e-01
+7.07 5e-01
+4.179%e-01
+1.284e-01
-1.612e-01 Y
4.507e-01

-7.402e-01 S11 max = 1.866 N/mm2
.«

-1.030e+00
-1.319e+00
-1.609e+00

Figure 4.22 Analysis 1, concrete stress S11

S, Max. Principal ‘ Vo \ \
Rel. radius = 1.0000, Angle = -90.0000 ha \ \ A\ \
(A¥g: 75%) J‘\ \ T \ \

+5.014e+00 S~ " Y . \ P
+4.596e+00 h /
+4.1786+00 - ~ //

+3.761e+00
433436400 \ ~—
+2.925e+00 A

e S
T1e710100 l‘ N — /f i
ey z X 3 max princip. = 5.014 N/mm2 L= )

+4.178e-01 -~
+0.000e-+00 ~—

Figure 4.23 Analysis 1, max principal stress, bars

ANALYSIS 2
Thickness configuration: 1
Boundary conditions: zippersupport

Constraint between concreteelements:only CONTACT (Penalty for the Tangential

Behavior; Hard Contact for the Normal Behavior).

Load applied: gravity

1
01
01
o 1 U2 mid-span =-0.473 mm
o —_— X

Figure 4.24 Analysis 2, diplacement U2
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s, S11

(Avg: 75%)
+2.005e+00
+1.694e+00
+1.382e+00
+1.071e+00
+7.601e-01
+4.48%-01
+1.378e-01 Y
-1.734e-01

-4.845e-01

e | L,

“11418e+00 S11 max = 2.00 N/mm2
-1.729e+00 z

Figure 4.25 Analysis 2, concrete stress S11

S, Max. Principal
Rel. radius = 1.0000, Angle = -90.0000
(Avg: 75%) /
+9.892e+00 B—— /
+9.068e+00 .
+8.244e+00 | T /
+7.419e+00 _
+6.595e+00 -
+5.771e+00 Y
+4.946e+00
+4.122e+00
+3.297e+00
+2.473e+00 : =
+1649e+00 X S max princ. = 9.892 N/mm2
+8.244e-01 z
+5.701e-08

Figure 4.26 Analysis 2, max principal stress, bars

CPRESS

+8.55%-01
+7.846e-01
+7.133e-01
+6.420e-01
+5.706e-01
+4.993e-01
+ +4.280e-01
+3.566e-01
+2.853e-01

+1.427e-01
+7.133e-02
+0.000e+00

Figure 4.27 Analysis 2, contact pressure
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ANALYSIS 3

Boundary conditions: zipperzipper

BC1({U3=0) zipper (U1, U2,U3=0)  BC1(U3=0)

z.L',(

zipper (U1, U2,U3=0)
Figure 4.28 Boundary conditions 2

Thickness configuration: 1

Constraint between concreteelements:only CONTACT (Penalty for the Tangential
Behavior; Hard Contact for the Normal Behavior).

Load applied: gravity

u, L

&3, Fi- 03
F.7 15003
1,0 -1

L -3.0560-02

t =i, 1518~ 0F
= 5. 3 0 07
-G A8 e 0
-T2 de- 02
e
1. 10%5:-01 - = -
110501 U2 mid-span =-0.133 mm
-1.3330-01

Figure 4.29 Analysis 3, displacement U2

S, 511

(Avg: 75%)
+1.152e+00
+9.474e-01
+7.432e-01
+5.389%-01

-1:299a+00

Figure 4.30 Analysis 3, concrete stress S11
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S, Max. Principal

Rel. radius = 1.0000, Angle = -90.0000 i

(Avg: 75%) N O s
+6.9032+00 \ B —
+6.328e+00 —

+5.7532+00 -

+5.177e+00

+4.602e+00

+4.027e+00 Y

+1.151e+00
+5.753e-01
+0.000e+00

A /)
AN
o .

S—————

\ \ /

+3.452e+00

+2.876e+00

+2.301e+00

T1i28er00 Z‘L‘ X Smax princ. = 6.903 N/mm2

Figure 4.31 Analysis 3, max principal stress, bars

ANALYSIS 4
Boundary conditions: zippersupport

Thickness configuration: 2

\S‘\\\;\

N

A

Constraint between concreteelements:tie on the whole contact surface

Load applied: gravity

Y
2
s (1
+ Lid
1.3600- 03 — X
1. 70602
“3551e-07
-5.395%¢:-02
71.23%-02
9084207
1.095-01
-1.2FFe-01
-1.462e-01
1. 6450-01
1.831e-01

Figure 4.32 Analysis 4, displacement U2

S, 511
(Avg: 75%) 1
+6.722e-01
+5.308e-01 X
+3.893e-01
+2.478e-01
+1.064e-01
-3.509e-02
-1.765e-01
-3.180e-01
-4.595e-01
-6.009e-01
-7.424e-01
-8.838e-01
-1.025e+00

Figure 4.33 Analysis 4, concrete stress S11

U2 mid-span =-0.183mm

S11 max = 0.6722 N/mm2
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S, Max. Principal \ A Y
Rel. radius = 1.0000, Angle = -90.0000 \ \ \ \
(Avg: 75%) \ ‘\ \ N \ N\ /
+3.922¢+00 N\ W, S ’ /
+3.595e+00 N\ e - S X

- 4
+3.268e+00 = g / P z
+2.94le+00 | ) ~ Ve
+2.615e-+00 A

+2.288e+00 ~ 7
+1.961e+00 £
+1.634e+00 ~
+1.307e+00 T~
+9.804e-01 i

+9.80de-01 S max princ. = 3.922 N/mm2 ) 74
+3.268e-01

+0.000e-+00 w\/\

Figure 4.34 Analysis 4, max principal stress, bars

ANALYSIS 5
Boundary conditions: zippersupport
Thickness configuration: 2

Constraint between concreteelements:only CONTACT (Penalty for the Tangential

Behavior; HardContact for the Normal Behavior).

Load applied: gravity

U2 rel C9-C10 = 0.02 mm

u, uz2

+1.014e-01
+5.401e-02
E +6.632¢-03

+ -4.075-02
ot -B.8120-02

e 01 . 1 CA.CR = 0 07
1601 U1 rel C5-C6 = 0.03mm

' L x U2 max mid-span =-0.467mm

Figure 4.35 Analysis 5, displacement U2

s, 811

(Avg: 75%)
+1.662e+00
+1.360e+00
+1.05%+00
+7.576e-01
+4.562e-01
+1.549e-01
-1.465e-01
-4.478e-01
-7.492e-01

-1.051e+00 S11 max = 1.662 N/mm2

11352e+00
-1.6532+00
-1:955¢+00 — X

Figure 4.36 Analysis 5, concrete stress S11
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S, Max. Principal

Rel. radius = 1.0000, Angle = -90.0000
(Avg: 75%) -
+1.092e+01 - x

+1.001e+01 / Z
+9.098e+00 —" S

+8.188e+00 ) —

+7.279e+00 ~—/ )

+6.369e+00 ~— —~

+5.459-+00
+4.549e+00 - -
e | N
+2. e+ =

+a.720e+00 S max princ. = 10.92 N/mm2 -

+9.098e-01
+2.602e-17

Figure 4.37 Analysis 5, max principal stress, bars

CPRESS
+1.035e+00
+9.484e-01
+8.622e-01
+7.760e-01
+6.898e-01
+6.036e-01
+5.173e-01
+4.311e-01
+3.449e-01
+2.587e-01
+1.724e-01
+8.622e-02
+0.000e+00

CPRESS max = 1.035 N/mm2

Figure 4.38 Analysis 5, contact pressure

ANALYSIS 6
Boundary conditions: zipperzipper
Thickness configuration: 2

Constraint between concreteelements:only CONTACT (Penalty for the Tangential

Behavior; Hard Contact for the Normal Behavior).

Load applied: gravity

B 13102 e U2 mid-span =-0.098 mm
Bobte

Figure 4.39 Analysis 6, displacement U2
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s, 511

(Avg: 75%)
+1.058e-+00
+8.516e-01
16.447e-01
+4.378e-01
+2.309e-01
12.396e-02
-1.829-01
-3.898a-01 o
3036001 : ‘
3056
-1.011a+00 S11 max = 1.058 N/mm2
“1217e+00
-1.424e+00

Figure 4.40 Analysis 6, concrete stress S11

+5.611e+00
+5.101e+00
+4.591e+00
+4.081e+00
+3.571e+00
+3.061e+00
+2.551e+00
+2.040e+00
+1.530e+00
+1.020e+00
+5.101e-01

+0.000e+00

S, Max. Principal \ Y
N N ra
Rel. radius = 1.0000, Angle = -90.0000 \ \ \ / /
(Avg: 75%) \ " — = = o/
+6.121e+00 \ ' — =
== e 7 X

S max princ = 6.121 N/mm2

Figure 4.41 Analysis 6, max principal stress, bars

CPRESS
+3.565e-01 A
+3.268e-01
+2.971e-01
+2.674e-01
+2.377e-01
+2.080e-01
+1.782e-01
+1.485e-01
+1.188e-01
+8.912e-02
+5.942e-02
+2.971e-02
+0.000e+00

CPRESS max = 0.356 N/mm2

Figure 4.42 Analyss 6, contact pressure

Subsequently, to obtain a comparison in terms of results, other egtayebeenmade
on SaR000software.

For these analgs the default material characteristaf Saphave been used
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ANALYSIS 7

Boundary conditions: zippersuypport

Thickness configuration: 1

Constraint between concreteslements:rigid links with a release in thextremal point,

on the compression zones

Load applied: gravity

U2 mid-span = -0.7 mm

Figure 4.43 Analysis 7,displacementi2

TABLE: Joint Reactions

Joint  OutputCase CaseType Forizz Fvert F3 M1 M2 M3

Text Text Text N N N N-mm N-mm N-mm
M DEAD LinStatic 0 0 34,41 360,42 -207,28 0
'20 DEAD LinStatic -4,271E-08 2951,2¢& 16,21 2,24 402,89 0
23 DEAD LinStatic 0 0 40,19 207,28 -196,27 0
174 DEAD LinStatic 0 0 40,14 358,57 181,09 0
|'176 DEAD LinStatic 0 2935,68 16,82 2,18 -436,6 0
199 DEAD LinStatic 0 0 39,93 205,42 256,19 0

-4,271E-08 5886,96 0

Table4.2 Analysis 7, joint reactions

STRESS

Maxi mum t ensi |:8668/mmAelemennles) et e

Ma x i mum (:1017N/mm?2geeteient 380)
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Figure 4.44 Analysis 7, most urged elements

ANALYSIS 8
Boundary conditions: zippersupport
Thickness configuration: 2

Constraint between concreteslements:rigid links with a release in the extremal point,
on the compression zones

Load applied: gravity

A —a U2 mid-span = -0.72 mm TR = Ny

Figure 4.45 Analysis 8,displacement u2

Joint  OutputCase CaseType Forizz Fvert F3 M1 M2 M3

Text Text Text N N N N-mm N-mm N-mm
1 DEAD LinStatic 0 0 36,41 300,35 -300,3% 0
20 DEAD LinStatic 1,061E-08 3382,8¢ 27,02 3,74 671,49 0
23 DEAD LinStatic 0 0 53,78 172,74 -372,23 0
174 DEAD LinStatic 0 0 41,75 298,8 261,3 0
176 DEAD LinStatic 0 3318,7¢ 28,03 3,63 -727,67 0
199 DEAD LinStatic 0 0 53,54 171,1¢ 467,51 0

1,061E-08 6701,66 0

Table4.3 Analysis 8, joint reactions
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STRESS
Maxi mum tensi |:&338/mm2{elemenn8O)r et e

Ma x i mum 0:1b3F4N/mm2eeteinent 378B80)

Figure 4.46 Analysis 8, most urged elements

This summary table shows the most significantltesf linearanaly®s:

Table4.4 Summary table of results of linear analyses
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