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Abstract

Digital Fabrication with Concretis nowemerging in theivil engineerindield
since it enables theonstruction of complex shape strucgméath a high level
of digitalisation.The potentialies of digital fakrication employmentin the
construction fieldare many, ando fully exploit themit is necessary texpand
the technical "know-h o w ®he technological progress in this sector has
recentlygrown resulting in the design and realisation of numemsitsctural
projects However, different challenges must beolved concerning the
cementitious material requirements and characterisation, code compliance, and
definition of astructuraldesign approacfrhe present work is collocated within
this scenarioto explore and address critical issuesated tothe most
widespreadadditive manufacturingechniqgue 3D Concrete Printing3DCP)
This tetinology consiss of a continuougxtrusionof concrete filamerthrough

a nozzle attached ta robotic system andit is based on earlpge material
requirements satisfaction (pumpability, extrudability and buildabilijy
Therefore, the first topic addressed in thihesis workis the physicat
mechanical characterisation of the fresh printable nmergpecific testing
procedures and experimental methods were developgeteéominethe main
material properties (such as strength and stiffneder axial compressive load
and their evolution with the cement hardeningcess and build up progressing
These studiesvere performedn collaboration withthe industrial partner
Italcementi Heidelberg Cement GrouBxperimentalresults were usetb
define an appropriateconstitutive modethat took into accounthe complex
visco-elastic response of such innovative matifoving to the hardened state
of the printed structures, the reinforcement strategy was investigjatsdthe
cementitious material is brittle and Ha®s tensile strengthn this framework,
an interlaboratory studwith aforeign institute(ETH Zirich) was conducted
to investigatethe steel barreinforcement effectivenesén terms of bond
behaviour) focusing on the influence of the material/printing setlipe

comparison between printed and gadt-out specimens, made wistdifferent



type of pintable mortars and realised with two different printing sgtup
allowed understanding thmain influencing factors of steel reinforcement
inclusion. As a final step of the thesis workthe mechanical response of 3D
printedstructural element&asinvestgatedthroughflexural tests carried out
on topology optimied beamsFor suchbeams the effecton the resistare
mechanisn of the previouly mentioned reinforcement strategy was also

examined

The thesis workaddressedifferent but strictlycorrelated topis of the 3DCP
technologyconcerning the design, production and testing of the structural
element obtainedhepresentedesearch activities and te&perimental results
could behelpful for the standardisation dhe testing procedures (fathe

material chaactaisatior) and design approaches in the 3DCP field.

Keywords: 3D Concrete Printing, eardgige material behaviour, analytical
modelling,reinforcement strategy, 3D printéapologyoptimised beams



Sintesi in lingua italiana

La Fabbricazione Digitale con il calcestruzgta emergendeempre pitnel
campo defingegneria civile poiché consente la costruzione di strutture di
forme complessegrazie adun elevato livello di digitalizzazioneMolteplici
sono k potenzialitdellafabbricazione digitale nel settore delle costruzioni, e
per sfruttarle appieno, € necessaaiccrescereal fknow-howo tecnico. |l
progresso tecnologico in questo setttiee pernesso di portarex termine
numenosi progetti strutturali Tuttavia, essendo un campo cosi innovativo,
numerose sono lefide che ancora devono essere risolee quali risultano
principalementelegate alla caratterizzazionelei materiali cementizi,alla
conformita deprodotti della fabbricazione ode normative attuali in tema di
costruzionied alladefinizione di un approccio di progettazione strutturile.
presente lavorai inserisceallinterno di questo scenario per esplorare e
affrontare le questioni critiche relative alla tecnicgpiduzbne additiva piu
diffusa:la stampa3D con il calcestruzz¢3DCP). Questa tecnhologia consiste
in un'estrusione continua dn filamento di calcestruzzo attraverso un ugello
collegato d un sistema robotico. Poiché il processo si basa sul soddisfacimento
di alcuni requisitidel materiale cementizigpumpability, extrudability e
buildability), il primo argomento affrontato in questo lavoro di tesi € la
caratterizzazione fisiemeccanica delle malte stampatailio stato frescoln
particolare sono state sviluppatespecifiche procedure di prova e metodi
sperimentaliper determinare le principali proprieta del materiale (come la
resistenza e lagidezzain stato di compressione uniass)aéa loro evoluzione
con il processo di indurimento del cem@ Questi studi sono stati realizzati in
collaborazione con il partner industriale Italcementi Heidelberg Cement Group.
| risultati sperimentali sono stasiuccessivamentatilizzati per definire un
modello costitutivo appropriatiache tenesseconto deld complessa risposta
visco-elastica di tali malte innovative. Passanidtio stato fresco del materiale

a quello hdurito,sono state analizzate le possibili strateljienforzo, dato che

il materiale cementizio aoto per essergagile econuna bassaesistenza



trazione. In questo contesto, & stato condotto uno studio interlaboratorio con un
istituto straniero (ETH Zurich) per indagare l'efficadil rinforzo strutturale

in elementi stampati, studiandocbmportamento del leganak interfaccia.ll
confronto tra campioni stampatgettati realizzati con un diverso tipo di malta

e con due diverse configurazioni di stampa, ha permesso di comprendere i
principali fattori che influenzano l'inclusione del rinforzo. Come fase finale del
lavoro di tesie statastudiataed analizzatda risposta meccaniadi elementi
strutturali stampati in 3D attraver$od e s e ¢ pwve dirflessiodel su travi
ottimizzatetopologicamentePer tali travi, € stato esaminato anche I'effetto
del | 6i n crinforsoistouttuealesdl sméccanismo di resistenza.

Il lavoro di tesiaffrontadifferenti, ma strettamente correlatgrgomenti della

tecnologia 3DCP riguardanti la progettazione, la produzione e la
sperimentazionelegli elementi strutturali stampatie ativita di ricerca e i

risultati sperimentalil i segui to presentatidiummssono e
standardizzazione delle procedure di prova (per la caratterizzazione dei
materiali) e degli approcci di progettazione nel setaela stampa 3D in

calcestruzzo

Parole chiave:Stampa 30del calcestruzzaomportamento del materiale allo

stato frescp modellazione analiticarinforzo strutturale travi stampge
topologicamente ottimizzate.
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Overview

The thesis work focuses amplementing 3D Concrete Printing (3DCP) [1, 2]
to fabricatereinforced concrete structures. 3DCP belongs tdotheder and
recent Digital Fabrication with Concrete (DFt@chnology, representingne

of the most widespread metreod®FC identifies the automated manufacturing
techniques emerging in the constructfe@id of structural and noestructural
products without using traditional formworKd. In recent years, advances in
computational design tools and industrial automation allowed the realisétion
construction projects with high complexity and level of digitalisation by using
DFC techniquef2i 4].

In conventional construction, the unit cost of@nponent increases with its
complexity since it is challenging to produce it economically usingtiome
use formworks. As schematically shown in the following figure, digital
fabrication becomes more competitive as the complexity incre&sdbis
sensescientific research helps to shift the brealen point farther to the left,
reducing the unit cost for digital fabricati{s.

Conventional Construction

Digital Fabrication break-even poiny” /¢

Cost

Unit

Market
Volume

Top. unit cost vs complexity for conventional construction and digital fabrication
Bottom: market volume vs complexity[5]
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Briefly, 3DCP technology consists of concrete layer (or filament) continuous
extrusion through a nozzle attadht a robotic system (e.g., robotic arm,
gantry system). Then, the concrete filament is deposited at the fresh state
following a predefined printing path which reproduces the target geometry. If,
on the one hand, this innovation could bring advantagesiirs of construction

time, cost, higlguality control and design flexibility6], on the other hand,
there are manyinresolved and interesting new challenges to be fégjed
Indeed, emerging research areas take on a new dimension and require attention
due to the fiels novelty. The doctoral research activities focused on different
aspects of such technology. The first faced topic was the investigation and
modelling of the behaviour of printable mortars at the fresh state. Particular
attention was paid to testing procedures aqekemental methods for the early

age behaviour investigation to obtain the material properties and their evolution
with the resting time. These properties are necessary for analytical and
numerical modelling purposes, intending to know the mechanicalesmi

the printed object in terms of deformation and to avoid a premature collapse
during the printing process. In a second step, the hardened properties of 3D
printed elements were studied. In particular, the investigation was focused on
the effectivenes of thesteelreinforcement stratggin 3D printed structural
elements. As a last phase of the doctoral research, a nursqeaimental
methodological approach was proposed to produce topology egdimi
reinforced concrete beams characterized by lighgiat and proper structural
propertiesMost of the experimental studies herein presented were carried out
in collaboration with the industrial partner Italcementi. Indeed, the printable
mortars developed by Italcementi were used for printing applicataoispart

of their experimental characterisation at the fresh state was performed at the
Innovation Laboratoryi.lab) in Bergamo, Italy. Furthermore, the collaboration
with the University of Pavia allowed studying the mechanical resportbe of
printable mortar developed at the University of Naples Federigofdt
comparison purposes. With this latter cementitious formulation, many

preliminary investigations permitted to define an adequate testing procedure for
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fresh printable mortarsSince there are noyet standardised assessment
procedures in the 3DCP production, the entire printing process and,
consequently, the quality of the digitally fabricated elements are strongly
influenced by the printing setup and material. Interlaboratory studies could help
in such sense, allowing the comparison between different printing modalities
and corresponding outcomes. In this regard, an interlaboratory study with the
foreign university ETH drich was conducted through an exchange with the
doctoral student working itné same field. An identical experimental campaign
was carried out by the two students (Laura Esposito worked at ETHZ, while the
foreign student worked at UniNa) to investigate the effectiveness of two
alternative reinforcement types in 3DCP elements amdhfluence of different
printing setups and materials on the stamicrete bondBased on the overall
description above, the following work presents and discusses the main
outcomes of the studies carried out during the three years and related to
differert topics in the 3DCP sector. In detail, the scientific research can be

divided into three main interconnected parts.

Part I
Fresh state of printable mortars: experimental
testing and analytical modelling

I
Part IT
Reinforcement inclusion in 3DCP elements: an
interlaboratory study on different reinforcement
strategies effectiveness
|
Part II1
Digitally Fabricated beams: design and
testing

A brief overview of Digital Fabrication and 3printing technologies is
presented ilChapter 1to show the benefits and limitations ofthua process,

with particularemphasis on the topics faced in the thesis.
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Chapter 2(addressingPart | of the scheme above) discusses the results of
experimental tests on eafyge cementitious materiagglequatelydeveloped

for 3D printing applicationsThe critical aspects related to the determination of
the earlyage properties in the compressive state and their evolution with the
material hardening will be faced in this chapter. Since the printing process is a
transient condition, the time evolution thie printable material's physical and
mechanical properties should be carefully considered. Furthermore,
experimental data related to frestate characterisation can be used to calibrate
analytical models able to predict the mechanical response of dtethaing

the printing process (e.g., deformations, premature collapse, stability,
buildability).

Chapter 3(addressingPart Il of the scheme above) deals with the result of an
interlaboratory study on the incorporation of steel reinforcement into 3DCP
corcrete elements. In particular, the research goal is to understand the
feasibility of including steel reinforcement into printed layeirs. (smalt
diameterbar). The activity was carried out in collaboration with the foreign
ETHZ university to investigatthe influence of different printing setups and

materials on the steebncrete bond.

As a conclusive part of the research activit@sapter 4(addressindart Il of

the scheme above) describes the design and testiagopblogy optimsed
digitally fabricated concrete beams, including also the reinforcement strategy
developed and assessed in Chapter 3. In particular, topology optimised beams
(designedwith the approach developed within the same research group by
Pastore et al. 202@¥ere produced with and without steel reinforcement to
verify the solution's feasibility and investigate their ldmhring capacity,

along with the definition of proper analytical models useful to interpret the

structural behaviour.
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1. Digital fabrication with
concrete: main characteristics

Concrete is the most widespread building material commonly used in
engineering constructions due tehielpful characteristics general availability
broadapplicability, relative ease of processing and handling, and ahiliggo

from a fluid state, where it can fill a mould, to a salidte, where it can then
bear a structural loafb]. However, the constructiosector requires a deep
transformation toreduce environmental impacts and productivity. As a
potential solutionadoptingindustry 4.0 technologies tonstruction promise

to enhance theestor's sustainability7] [8]. Indeed,Digital Fabrication with
Concrete (DFCgmergsin the construction industry, intending to optimise and
automatise production processesing digital data to drive manufactug
equipment towards the realization of concrete products. The resulting workflow
improves productivity, efficiency and manufacturing flexibility, positively
impactingsustaimbility. Figure 1-1 shows he RILEM process classification
framework which canbe applied (but not limited) to DFC technologj@k

Different digital fabricatiortechnologescan begroupedbased oi5, 9, 10}

9 extrusion procssin which concrete is automatically placed laigr
layer through a moving nozzle, following a predefined digital path
reproduced bygartesian gantry, robotic, crane, or cable robot systems
[117 14]

1 formwork printingin which concrete or other materials are used to fill
a digitally fabricated formworkl5]

1 use oftemporary supportehich are digitally designed against applied
loads, fabricated, and then, subsequently concf&id

T slipforming consisting of a vertically moving formwork in which

concrete is placed in thikiid state and hardein a controlled manner
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in this way, it is possible to fabricate variable cresstional area
structures (e.g. the smart dynamic casting sy$ém

1 particle bed ® printing( al so known as O6selective
j et t whiclgigbased on the selective and automated deposition of a
binderinto aparticleslayer[17]

The first of the abovenethodsis the concrete extrusion, & Concrete
Printing (3DCP)[11, 18] which belongs to Additive Manufacturing (AM)
technologies of DF@seeFigure1-1) and consists of concrete layer extrusion
through a nozzle attached to a robotic systenh aa@ gantry system or robotic
arm.The moving head of an automated printing apparatus typically extrudes a
fresh and viscous cementitious mixture in the form of layers, following a
digitalised path of a solid divided into several slices. Each slice e a
defined thickness and is repetitively placed on the previous layer until the end

of the process, yielding the final concrete component.

The gantry style printers are relatively easy to scale up in size, but they are
limited to vertical extrusion. Thgize of gantry printers currently in use varies
from small versions to large scale printers that may be used to print entire
building componentfl9]. An example oflarge scale (i.e. 9mx45m x 2.8

m ) four axis gantry robot was developed at Eindhoven University of

Technology Figurel-2a).

On the contrary, robotic arms typically have a fixed dimensitifi, theyface

many complex tasks thanks to higher degrees of freedom. An example-is the 6
axis robotic arm used at the University of Naples Federico Il (apsesenting

the system adopted in the printing session presented in this thesis) represented

in Figure1-2b.

In both cass, the printer is equipped with one or more devtoasix the mortar

and pump it up to thextrusion head

3DCP offers the advantages of eliminating the necessity of formworks to

produce structural and neatructural elements with high shape flexibilitygh-

31



quality control, reduced construction time and waste. For such reason, the
number of projects and applications quickly gspws visible in the chart
proposed ifj14].

DFC
Technology
Operations Principle Primary Process
processes process class sub-class
Application
environment
in-situ or part
Application
former or
end use
I A bly (——  Joining Welding
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Figure 1-1: The RILEM process classification framework for DFC technologjes.
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@

Figure 1-2: Example of (a) 4 axis gantry system (Eindhovey20]) and (b) 6-axis robotic
arm (Naples).
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Figure 1-3: Number of projectsrealised with additive manufacturing (since the concept
inception in 1997)[14] .

Printable cementbased materials

Innovative cemenrbased materials are currently being developed to be
employed in DFC techniques. Printable mortars behave as-plastic
Bingham materials since they only flow when submitted to stresses higher than
a critical threshold value called yiestresg21] (Figurel-4).

The engineering challenges arising from such a process are manifold, and the
primary requirements of cementitious materials for layered extrusion can be

summarised as follows:

1 Pumpability, which describes the ease with whighftesh mixture is
transported from the pump to the extrusion nofi4é;

1 Extrudability, which is the ability to extrude the mixture through a
nozzle without major crossectional deforma&n and with an

acceptable degree of splitting/tearing of the filanj&4t;
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9 Buildability is the extruded material's ability to retain its geometry

(shape and size) under sustained anceasing load§2?2].

Shear

stress (Pa) Flow onset

Yield stress

Shear strain (%)

Critical
strain

Figure 1-4. Shear stress as a function of shear strafg1].

Within this framework, the design arcontrol of the overall printing process
primarily consist of optimising fresh concrete compatible with the automated
printing system[18, 23] Specfic rheological properties are required for
concrete to be printed (pumpability and extrudability requirements), whereas
the physicaimechanical properties aessentiafor buildability andfilament
shape retention after extrusid@4]. In this respect, the thixotropy is a
fundamental property since it allows having low yield stress during the
pumping and extrusion (i.e. when the material is subject to external forces) and
higher yield stress just after the exit from the nozzle (i.e. once external forces
come to zero) which shtii guarantee selustaining properties during the
layerby-layer buildup. Another issue concerning theilding rate: ortheone

hand, it should be high enoughdnsure adequate bond strength between the
layers; on thether, it must be low enough tolider adequate buildability and
prevent premature collapé€igure1-5). As the height of the concrete element
increases during the printing process, so does the hydrostatic prgsgure
Accordingly, as there is no rigid mould during the construction procass, hi

compressive strength andffstiessare required: after the deposition of fresh
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1.2

material, each concrete layer must be able to bear its weight and that of

layers above it

As a result, comprehensive knowledge of employed materials' rheological and
medanical behaviour allows predicting their response during the digital
fabrication process: the designer can optimise the material performances,

saving time and cost.

=

Figure 1-5: Examples of collase during printing: (a) empirical buildability test geometry
(from [14]) and (b) failure of a hollow cylinder (from [25] ).

Reinforcement strategies in 3DCRnd case studies

3DCP offers the advantages of eliminating the necessity of formworks to
produce structural and netructural elements bringing several advantages.
However, this technology must face some challenges, mainly linked to the
limited knowledge in areas such iasorporating reinforcement in structural

concrete members.

Cementitious materials have a brittle mechanical behaviour and low tensile
strength. Therefore, these materials are traditionally combined with
reinforcement to improve ductility and produce |dshring structures.
However, for 3DCP, this inclusion of reinforcement is not straightforward due
to the layered manufacturing proce$te critical aspect with respect tioe
3DCP technologys how to integrate reinforcement with minimumterference

in the concrete shaping procg&$]. Different reinforcement strategies for

3DCP technology were developed and explored in the available literAture
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brief review of such reinforcement strategiegll follow. Please refer to
available reviews for further detail§, 26/ 28]. Using steel bargto reinforce
concrete structures is a standeodstruction method, and it was also employed
in AM technology. For example, the straight walls of the 3D printed H@%e
were reinforced by placing unbent bars into the still fresh concrete parallel to
the printing plane and then covered by a subsequent layer of corfigebes (
1-6a). The steel reinforcement was also prefabricated and welapate1-6b)

to form the shape of the concrete in thB Brinted office built in Dubaj30].

@) (b)

Figure 1-6. Reinforcement of 3DCP structures: placement of (a) straight reinforcement
bars [29] and (b) steel bar truss in the print plane/30].

An alternative solutionvas suggested by Mechtcherine eff@l]: it corsisis
of using the Wire Arc Additive Manufacturing (WAAM)method in which
reinforcing elements are built up irdeop-wise manner enabling a maximum
geometric flexibilityprocessTensile tests confirmed lodzkaringand ductile
behaviour comparable to conventiomainforced concrete However, some
hurdles of this kind of reinforcement concehe different printingspeed of
the concrete and stedhe high temperatures generatiediing the steel printing

and the elevated costs.
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Figure 1-7: External reinforcement system with tightened bar$32]

Anotherreinforcenert strategyexample isthe external reinforcemendf the
3D-printed beamfabricated bythe University of Naples "Federico 1[32]
(Figure 1-7). The approach consisteaf partitioning a reinforced concrete
member into differensegmentsseparatelyprinted and then assembladd
reinforced using tightened steel batis approacHacilitates the production
of structurallyoptimised reinforced concretelementssavingmaterial usage
and, at the same time, fabricatitighter structuresHowever, this solution
brings some issues, such as #revironmentatlegradatiorof the external bars

andfire resistance

3DCP technology couldlsoproducdost formworkfor conventional reinforced
concrete An example of this approadh presented ifiL5].

In 2017 anovel reinforcemenwith metal cablevaspresented at TU Eindhoven
for 3DCP application§33].

Figure 1-8: (a) Entrained cable into the concrete filamenf34] and (b) bicycle bridge
developed at the TU/E35]
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A rotating spool feeding the reinforcement into the printing kesssbmployed

to placethese cables directly during printiras shown iffrigure1-8a, resulting

in a single automated manufacturing procdsss kind of reinforcement is
effective in only one direction, i.e. longitudirtalthe filamentSteel cable was

used as secondary reinforcement in the pedestrian and bicycle bridge developed
at the Eindhoven University of Technology (TU[8%], which was placed in
Gemert, Netherland=gure 1-8b). This bridge is a largsecale application of
posttension cableand consists of printed elements, rotated 90° after printing,
and then pressed together by pestsioned prestressing tems. In this way,
3DCP elements only work in compression, and no additional passive
reinforcement in that direction is required [1&nother example o& post
tensioned structure is the digital designed and manufactured concrete girder
produced at Ghent niversity [36]. The beam was produced in separated
segments subsequently assembled with-fgrstion cables running through the

whole element, as shown kigure1-9.

=
&
=
=
=

Figure 1-9: 3D printing of a posttensioned concrete beam designed by topology
optimi sation g Ghent University[36]

The final beam shape derives from the topology optimisation of a simply
supported beam subjected to a uniform load. In particulargdeébign of the

3DCP beam was based on the novel approach for the design of prestressed
beams proposed by Amir and Shak{8#f], adapted by Vantyghem et [86]

for threedimensional setting and material properties. This case study
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demonstrated that pettnsioning combined with the gology optimised
geometry alleviated the difficulty of introducing steel reinforcement in 3D

printed concrete.

A similar TO approach was adopted for the reduced scale pedestrian bridge
described in Kinomura et al. 20@8], resulting in a bridge structure consisting

of 44 segments with different complex shapes, which were printedately

and unified through prestressed extermainforcement. The topology
optimised shape obtained from the analysismodified in &final shape taking

into consideration workability and safety

Finally determined design

Prestressed External

Loading Width:1.2m, Length:6.0m,

Height:1.0m

Figure 1-10: 3D Printed prestressedpedestrian bridge designed through topology
optmisation approach (Kinomura et al. 202438] ).
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From these examples, it appears that the effectiveness of the adopted TO
strategy has to be balanced/adjuskétth postprocessing operations, such as
concrete segment separation/joints, grouting, segment interface imperfections,

etc.
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2. Early age behaviour of 3D
printable mortars

Innovative cemenbased materials are currently being developed to meet the
challengs of emerging DF techniqueSince no formworks sustain the fresh
mortar during the production, the eadge behaviour (i.e. mechanical and
rheological properties at fresh state) becomes more critical to ensure a
successful process. Printable mortars aveh as viscglastic Bingham
materials since they only flow when the shear stress is higher than the material
yield stress. For such reason, the printability requirements are strictly correlated
to the vyield stress value. For example, referring to thedability, many
research studies in literature proposed strebgted failure criteai strictly
correlated with the rheologic material propertisrrot et al[39] proposed a
criterion based on a comparison of the vertical stress acting on the first printed
|l ayer to the critical stress linked to
predict the buildability performances of cementitious printable¢an&rThe bi

linear model proposed by KruggtO] is also based on thstatic yield stress
evolution as a function of resting time: the thixotropy model was developed
based on a material's shear strength in its plastic state, which can be

characterised with a rheometer.

As a results,@mprehensive knowledge of employed maistirheological and
mechanical behaviour allows predicting their response during the digital
fabrication process: the designer can optimise the material performances,

saving time and cost.

Due to the complex material nature, different types of experimental tests are
needed to fully understand the behaviour of printable mortars in the fresh state.
Recent studies in the literature aimed to investigate the most appropriate testing
procedures to characterise the physical and mechanical behaviour of such

cememtbased materials at the fresh stalbe most classical experiments
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includeUniaxial Unconfinel Compression Test (UUCT20] and rheological
measurements (to quantify pumpability and extrudabity)h as Rotational
Rheometer Tests (RRT21, 39, 40]or Penetration Tests (PT31, 42] even
though aehoc procedures hawwso beerdevdopedas the squeeze flow test
[39].

During the experimental characterisatianany variables are essential to
obtain reliable testing results: dry compoh to water mixing modality,
specimen preparation and size, adopted loading/displacement rate,
measurement instrumentation, total testing time etc. Since the printing process
is a transient condition, the time evolutiontleé printable material's physica

and mechanical propertishould be carefully taken into account in the testing
setup. Printable mortars harden during the testing execution due to cement
hydration hence the correct choice of all testing parameters could depend on
the material age. Thdifficulty is mainly linked to the complex response of
early agegorintablemortars characterised by a viscous plastic response like any
other cementitious materigd1]. Fresh concrete behaves as a viscous material,
and its response could change with the applied loading rate (or displacement
rate). At the same time, the loading rate (or displacement rate) determines the
testing duration, and its value becomes fundameémtatoid the nehegligible
material hardening during the test. For example, Wolfs ¢#43].adopted a
displacement rate value in compression tests high enough to neglect thixotropic

build-up effects.

Such experimental data are quickly growingha literature, helping define the
adequate testing proceduretaracteris¢he cemenbased material employed
in AM.

This chapteis focused on the experimental characterisation of the-agdy
behaviour of printable mortars, paying particular attentm (i) the uniaxial
compressive behaviour and the effect of the testing procedure, and (ii) the

early-age viscoelasticity or creep effects.
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To this aim, the changes in the mechanical response with the resting/waiting
time of different cementitious mortaypes were investigated. Note that all

mortars investigated were designed for 3D printing technology.

The first mix was developed -imouse at University of Naples Federico Il
(UniNamortar). It is composed of sand (maximum particle size 4 mm), 0.5%
in weight of 18 mm polypropylene fibres (added to prevent plastic shrinkage
cracking during the early curing stage and after the deposition process), low
water/cement ratio (w/c = 0.39) and a polycarboxytaiperplasticisefSP =
0.10% in weight of cement) usdo improve printability performances (i.e.,
pumpability and extrudability). The mortar's average cubic strength, Rcm, at
28 days was equal to 53.5 MPa with a standard deviation of 3.14MPdhe

resulting material density was 2411 kg/m3.

Italcementi company supplied the second mbe¢h Nmortar). It is a ready

mix and high yield strength cementitious material. Padpylene fibres were
added to the mix to avoid shrinkage, resulting in a second formulation named
i.tech NE

The effect of testing methods on the uniaxial compressive behaviour
characterisatiomwas studied in collaboration with the University of Paviae Th
experimental campaign consisting of Uniaxial Unconfined Compressios Test
(UUCT) was preliminaly performed on the UniNa mortar type to define the
reliable procedures for the specimen preparation and highlight the most critical
issues in this specifidgdld. TheoptimisedJUCT testing method was employed

to assess the uniaxial compressive response of the Italcementi nBiraes.
thetesting procedurerasoptimised a large number of specimens was prepared
and tested accordingly by introducing new pesgelated variables, i.e.,
varying the Aspect Ratio of the specimens and the Displacement Rate of the

compression test.

The optimised UUCTs allowed obtaining the stresgain relationship for

different resting/waiting time valueand, consequently, tharte-dependent
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2.1

evolution laws of the elastic modulus and compressive strength of the 3D

printable mortars investigated.

The early age viscous behaviour of printable mortars was also investigated and
reported in this chapter. An appropriate testing proedas defined to study

the early age creep behaviourdatime dependency at the fresh stdte this

aim, preliminary experimental compressive tests under constant load were
carried out on the UniNa mortar, and the outcomes were employed to calibrate
the analytical visceelastic Burgers model suitably identified to take into

account such peculiarities.

Finally, based on the outcomes of bdtie UUCT and creep test, an
experimental method was developeddproduce bettahe stress state history
experiencd by the cementitious layer during the swipe printing process.
The experimental outcomes of such a new experimental setup weréused
calibrate the constitutive viscoelastic Burgers model used to predict printed
mortars' overall buildability/stabilitin the layered extrusion process.

Uniaxial compressive behaviour

With a specific emphasis othe buildability requirement it is clear that
adequate knowledge of the compressive behaviour ofrésh materialis
necessaryTall structures manufactured in a vertical orientation are potentially
affected by earhage instability and modelling them either mechanically and
analytically is of great interest to manufacturers and structural engiidérs

In particular, knowledge of the time evolution of the constitutive behaviour of
concrete under compression is essetuaigedict the stress/strain state of each
layer and ensurthe stability of the entire elemeduring the printing process.
The stress state within eafilament layer depends not only on the extdynal
applied load but also on ti®undary conditions, i.e. the state of toement,
whichis strongly linked to the aspect ratio of filament duing printing [40].

In order to achieve a complete characterisatiorhefdementitiousnortar's

constitutive behaviour (i.e., the strestgain relationships) as a function of early
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age, compressive tests must be carried out within a propeiframe that
ideally takes into account: (a) the time elapsed between the releése o
material from the printing nozzle to the subsequent printing steps (short time
scale); and (b) the overall time needed for the production of the complete
element (long timescale). Unfortunately, there have been no standard
procedures for compressit@sts on earhage printable concrete samples until
now. Therefore, an appropriate test framework is required for design and
simulation purposes to improve what is known about the time/process

dependent mechanical behaviour of this material (e.g., &feteent analyses).

In the available literature, research has been carried out on theagarly
compression properties of printable concfgty 39,43, 45 48], as well as on

the hardened state (minimum test age of 24 hdd€862]; nevertheless, the
latter, is, in practice rarelyelpful inpredicting the mechanical performance of
the structural element during the printing procddswever, to predict the
buildability performances of cementitious printable mortars, Perrot BB94l.
proposed a strengtiased failure criterion based on a comparison of the
vertical stress acting on the first printed layer to the critical strestedeio the
plastic deformation linked to thenaterial'syield stress. This model was
validated using squeeze flow tests performed on very-agdyconcrete. In
particular, to simulate the progressive loading characterising abgstayer
construction,the authors loaded a cylindrical sample (height of 35 mm,
diameter of 60 mm) by applying 1.5 N load increments (corresponding to the
increasing weight of the layday-layer deposition). The time gap between the
load increments was also varied to simuthtierent building rates (in the range

of 1 to 6.2 m/h). However, while this test was helpful in detecting sample
failure, no information was provided on the stregain relationships of the
compressed layers. Kazemian ef4il] investicated shape stability (also called
shape retention dgreeri strength) using two different testing methotayer
settlemeritand”cylinder stability. These assessed the compression behaviour

of layered samples rather than the printable concrete matsegHl In the
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cylinder stability test, a cylindrical sample with a total height of 80 mm
(composed of two 4éhm concrete layers) was loaded with 5.5 kg (4.77 kPa).
Any possible change in height resulting from the-aalfght and applied load
was then mesured and recorded for different concrete mixtures. As a result, no
stressstrain relationships for the concrete used in the layers were reported for

this test method.

Given the physical state of eaidge printable mortars, possible testing
standards codlbe adapted from those valid for soil or fresh concrete. However,

in some cases, these may not be appropriate and completely new test methods
are be required. Key aspects that are still to be addressed include the
representative sample size, testing eongipt, loading/displacement rate,
specimen preparation in the pouring procedure, material compaction, and
measurement devices. These testing conditions must also be defined in relation
to the main parameters of the printing process (printing facility, pugmpi
system etc.), as well as the printabbaterial'scharacteristics (curing rate,

slump etc.).

In contrast to previous studies, constitutive laws related to-agdyprintable
concrete were proposed by Wolfs etf20, 43] In particular, austom triaxial
compressive test (TCT) was carried out on cylindrical concrete samples with a
diameter of 25 mm and a height of 50 mm, according to ASTM D2850. The
samples were not compacted during preparation and were then subjected to
triaxial compressin in displacementontrolled conditions and at distinct
concrete ages (15, 30, 60 and 90 minutes). The 15 mm/min displacement rate
(i.e., 30% strain/min) was fast enough to prevent the effects of thixotropic
build-up/ageing during a single test. The T@Sults related to an equiatzero
confining pressure can be compared with those of uniaxial unconfined
compressive tests (UUCTSs) performed by the same aufl0rs43] In
particular, the UUCTs were carried out on cylindrical concrete samgies
diameter of 70 mm and a height of 140 mm, designed according to ASTM

D2166) In contrast to previous testing campaigns, the preparation procedure
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aimed to obtain a homogeneous sample and consisted of using steel cylindrical
moulds lined with a thisheet of Teflon in combination with compaction for 5

s on a 30 Hz vibration table. The same concrete age range (t=5, 15, 30, 60 and
90 minutes) was adopted for the tests, as was the same displacement rate of 42
mm/min (i.e., 30% strain/min), enablingpeoper comparison to be made with

the TCTs in terms of the stresgain relationships. The comparison of the two
sets of test results (UUCT and TCT) highlighted discrepancies in terms of the
strength and stiffness values, which were probably associatkedhsi better
compaction of the samples in the UUCTs, which had improveddherete's
mechanical proprieties. Indeed, the imperfection density is typically more
significant in fresh concrete without compaction. Moreover, the impact of such
imperfectionds generally amplified for small specimens (i.e., TCT).

Effect of testing procedures

Given the above, it appears that the need to define standard testing procedures
is indisputable. However, establishing universal criteria for printable concrete
would requre a large number of relevant studies to encompass the performance
of the different printing mixtures used in DF projects. The mechanical
parameters (e.g., compressive st#ssin laws, stiffness, yield stress) of
printable mortar in the unlayered statepresent the starting point for
implementing predictive models that simulate the printing process and any
related mechanical phenomena/failures. Consequently, the aim of this chapter
is to show sensitivity analyses on the various mechanical testing giaram
towards standardised test methods for 3DCP and, based on the results, evaluate
their effects on predictive buildability models. In particular, the following

aspects are considered:

- Materials and sample preparatioduring an automated printing proses
it is possible to experience variations in the compaction/workability of the
extruded material due to random changes in the water content, the different
conditions of the stocked dry material, and human error. Furthermore, as

the material is in an earlyge state (i.e., fresh/viscous) when it emerges
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from the printing nozzle, there are practical difficulties in simulating these
conditions during the specimen preparation in the laboratory (i.e., pouring,
compaction and demoulding).

- Compressive test setup run the experiments properly, representative
samples must be subjected to compression load/displacement. As printable
cementbased materials behave roughly like vigdastic Bingham
materialg21], their mechanical response is greatly affected by the sample
size and loading rate, which could significantly impact the measured
strength.

- Evolution over time of the compression stregain. the compressive
strength and stiffness of eatdge concrete inevitably change during the
printing process; as its mechanical properties alter quickly, each layer
behaves differently, especially for higalue cycletimes (i.e., the time
required to complete one build layétH].

The outcomes of UUCTs performed on a reference printable cementitious
material (i.e., UniNa mortar) are compared with the results achieved by
varying: (a) the amount of superplasticiser (SP) used (in percentage terms); (b)
the sample preparation proceduard (c) the displacement rate adopted during
the test. Furthermore, the UUCTs were examined at distinct concrete ages (t =
0, 15, 30 and 60 minutes) to define the evolution of the corresponding
constitutive stresstrain laws over time. In detail, t=0 w#se shortest time
possible considering the specimen preparation procedure, which includes the
mould filling, slightly compaction, demolding and placing of the sample in the
test setup, which took approximately 3 min. Finally, the overall test outcomes
were implemented in an available stability model to identify the effect of the
testing variability on the maximum printed stable height of the concrete

elements.

2.1.1.1 Methodological approach
Starting with the reference UniNa mix (described in the introducti@napter

2), variations in the SP percentage were considered to study changes in the
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material'sconsistency during the printing process or sample padipa. The
following conditions were examined: (a) the absence of superplasticiser (0.00%
- SP0.00 ending in the acronym of the sample series), which replicates low
sample compaction or a very dry pumped concrete material; and (b) 0.15% SP
(SP0.15 endingn the acronym of the sample series), replicating the further
manipulation of the specimen to obtain a homogeneous or compacted concrete

material.

Compression tests were performed on cylindrical samples with a diameter (d)
of 60mm and a height (h) of 120m This geometry was chosen to exclude size
effects due to particle size distribution and ensure diagonal shear failure
(h/d=2). Larger specimens might not correctly represent the dimensional scale
of the concrete during the printing process (in whichriagee in the order of
centimetres), while thinner specimens could be affected by squeezing or local
deformations induced by loading plates. In the mixing procedure, the fine
aggregate, cement and filler were initially mixed for 60 seconds at a low speed
(140 rpm). Subsequently, these dry components were mixed with
polypropylene fibres (140 rpm 30 seconds). Water was then added, and mixing
retook place for 60 seconds (140 rpm). Finally, ajsalsboxylic SP was added
gradually, mixing for 120 seconds at higpeed (285 rpm). In general,
experimental tests on conventional cast concrete cannot be executed until the
first setting has occurred (approximately 24 hours). However, the layered
extrusion technique is a process in which subsequent fresh concreseslisyer

stacked on top of each other.

Consequently, the first challenge during an experimental test is linked to the
very early age of the material to be tested; there are inevitably more difficulties
during the preparation of the specimen in such casescasting, compaction

and demoulding). Indeedt is challenging to extract specimens from the
moulds even after the first settimgthout affecting their integrity. A plastic

3D-printed openable mould (séggure 2-1) was designed to overcome this
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issue. As a temporary mould was used, part of the grandtyced stresses was

sustained by this support through interface adhesion.

I

Figure 2-1: 3D-printed openable mould: closed, open, positioning of the nylon membrane,
example of a prepared sample.

However, after demoulding, the sample could have been affected by residual
stresses, deformations under sedfight and imperfections. As a consequence,
improvements in sample preparation were achieved by using an internal nylon
membrane (interposed between the mould and the later surface of the specimen)
that dfectively reduced the interface friction; in addition, tompletely
eliminate the déct selfweight due to 120 mm sample height, a-jo@d of
2kPawas appliedon each sample of the series. After the cast procedure, the
sample was demoulded and the membrane removed; in this way, the curing
took place in the sameondition for both the sample cast witte membrane

and the one cast without it. The impact sgfecimen preparation was also
investigated by comparintpe results obtained with (M in the sample series
acronym) or without (NM in the acronym of the samgdeies) thanembrane

during the sample preparation.

Cylindrical specimens were tested using an MTS electromechanical Universal
Testing Machine with a 10 kN capacity in a displaceroemtrol condition at
room temperature T& 22 Ah®.avehibabstrainefs t s
12%, i.e., 15 mm displacement. As no physical measurement of a sample was
possible without altering it (e.g., attaching extensometer or strain gauges), the

stresses and strains were deduced from fdisglacement data obtaineaifn
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the testing machine. Young's modulus was computed as the secant modulus
from 0% to 2% strains. However, since this interval might change as a function
of the material printing characteristics (0] this range is €% strain), it is
necessary to establishealiable strategy to identify allowable rangesdtastic
modulusmeasurement. Indeed, (i) tests are generally carried out in a very low
load level regime (especially for very early age), in which slight material
variations (e.g., mix design, environmentebnditions) may determine
pronounced stiffness variations, (ii) Young's modulus values may depend on
the specific method adopted for the strain estimation. In order to determine the
stressstrain law's evolution over time, the compressive tests weredatt

at distinct concrete ages (t =0, 15, 30 and 60 minutes) with a displacement rate
(DR) of 3 mm/min. As the mechanical properties of concrete and other
cementitious composites are known to be-satesitive in the hardened and
fresh state, while stngth and other properties improve as the strain rate
increaseg53], the compressive tests were also performed with a higher DR
value (30 mm/min = one order of magnitude higher)tharmore, the tests at

DR =30mm/min were carried out only for the reference mix, i.e.,-BEG.10

M, in order to investigate only one variability at a time; this rate was still within
the displacement rate range that is currently used to test printatibrsf0,

43].

The UUCTs were performed by varying: (a) the concrete age (t=0, 15, 30 and
60 minutes); (b) the percentage of SP added to the mix (0.00, 0.10 and 0.15%
in weight of cement); (c) the sample casting procedure (with or without the
membrane); and (d) the displacement rate (3mm/min and 30mm/min). Five
samples were prepared and tested for each specimen skalds. 2-1
summarises the experimental tests concerning the six series of samples. Each
specimen set is identified by the acrony8PxxyM-DRzZ', where:"SPxX
represents the percentage of SP added (SP0.00, SP0.10 and SyM15);
indicates whether the membrane wasvas not used during the casting (M and

NM, respectively); aniDRzZ' is the value of the displacement rate in mm/min
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(DR3 and DR30). The reference printable mix is indicated by the acronym
"REFSP0.16M-DR3".

Table2-1 Test matrix UUCT

Variables Uniaxial Unconfined Compression Test

Acronym REF-SP0.16 SP0.06M- SP0.15M-  SP0.00 SP0.16  SP0.16M-
M-DR3 DR3 DR3 NM-DR3  NM-DR3 DR30

1. Age [min] 0, 15, 30, 6C 0, 15, 30, 0, 15, 30, 0, 15, 30, O, 15,30, 0, 15, 30

60 60 60 60 60

2. Superplasticizer [¥ 0.1 0.0 0.15 0.0 0.1 0.1

3. Membrane Yes Yes Yes No No Yes

4. Displacement rate 3.0 3.0 3.0 3.0 3.0 30.0

[mm/min]

Samples per set 5 5 5 5 5 5

Tot. samples 20 20 20 20 20 20

As the concrete material wamainly in the earlyage state throughout the
printing process, implying low strength and stiffness values, stability checks of
the structural buileip had to be performed as a function of the increasing height
of the printed element and the building ratke stability checks included: (i) a
compressive plastic yielding cheakd(ii) a selfbuckling instability check.

The structural performance of eadge concrete and, in turn, the overall
printed element stability strictly depends on the temporal éealof some of

the mechanical parameters derived from experimental characterisations. The
UUCT experimental results were then used to determine the-strass
relationships for the different concrete ages, providing the evolution over time
of the compessive strength j 0 and the Young's Modulu® 6 . The
continuous timevariation compressive strength and stiffness laws were
obtained through linear regression of the data related to each tested sample
series. Based onthese laws;( 0 andO 0 ), an analytical model was used

to predict the compressive failure of the first layer or thelsatkling failure

of the printed element due to its weight during the printing process. It was made
the hypothesis that each layer would b&tantaneously stacked. The interval

time between the deposition of one layer and then the 7éxt,, (i.e., the
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cycletime) subsequently depended on the layer height and building rate, as

follows:

Q
3

“y

Equation 2-1
The success of the printing process, in general, is strongly correlated to the
building rate6 [mm/min], with the time variable between the subsequent
printed layers being fundamen{8B]. In our study, the maximum number of
layers that could be stacked before collapsing due to the compressive failure of
the first layer was obtained by comparing the verticakstii the first layer
. 0 (depending on the weight of the subsequent layers) and its developed

strength, 0:

0 00" "Q, o}
Equation 2-2

where: 'O is the total height of the printed element depending on time
(increasing by discrete thickness values corresponding to the -kEggte
height);” is the material's density; andj 0 is the linear law obtained
from experimental data. It sh@ube pointed out that, depending on the testing
procedure used and, in particular, on the time t=0 condition adoptelinessi
increase in strength could also be observed after the material extibéjon
The elastic seibuckling failure check was performed according to Greenhill's
equation55] [Equation2-3]: a free-standing vertical column buckles under its

weight if its height exceeds the following critical value:

0 o
Equation2-3
where:O 0 is the experimental timevolution law of the printable concrete

elastic modulusiO is the minimum moment of inertia (depending on the

shape of the printed elementb)js the crossection area; and is the density of
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the material. A similar equation was used2i] to predict the loss of stability
of linear walk obtained with 3DCP technology. Based on the ngeometry

of one linear meter of wall wide, the previous expression becomes:

0 o T@Ww—
Equation2-4

with the minimum moment of inertia equal 1© 1 7p cand the cross
section area to0 . The seKbuckling failure could be predicted
approximately by comparing the printed element height and the critical height
(according to Greenhill's) as thenging time increases. The stability check was
also conducted using the comparison between the elastic modulus and its

critical valueO 0 d,

06 O o6 WL O>——
Equation2-5

Another model has also been considered to provide a more reliable
interpretation of the results derived from testing procedure variability. In
particular, the mechanistic model developed by SUke} to determine the
mechanical performance of straight wall structures in the 3D printing process
is adopted for this purpose. Suiker provided a useful graphical tool to predict
the two main failurenechanisms, the elastic buckling and the plastic collapse,
by considering the most relevant process parameters. The failure mechanism
maps are available in Suikgs6] for different wall types, i.e., for different
boundary conditions (free, simply supported and fully clamped wall). Hence,
the two above described methods for the failure predictionEgeation2-2
andEquation2-5, and the Suiker failure maps, were implemented for a straight
free wall geometry, adopiy the results obtained from each test condition
examined (see the summary of the test mtakle2-1). Such results are the
continuous timevariation compressive ¢ strength and stiffness laws
obtained through linear regression of the data related to each tested sample

series. In this way, it was possible to study the impact of the specific testing
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procedure on the predictions of the structural performance of |¢neest
during the printing procesdable 2-2 summarises the printing parameters

adopted for the numerical implementation of the failure criterion.

Table 2-2 Printing parameters adopted.

Layer width 6 [m] Layer height h [m] Building rate [m/h] Density [kg/m®]
0.04 0.01 2.00 2411

2.1.1.2  Results and discussion
The experimental test results are described in this section in relation to the
stressstrain curves. In particular, the data are grouped and compared as a
function of the concrete age to study the impdiche material'sconsistency,
the sample preparation, and the displacement rate. In the followingstteaas
diagrams, the curve related to each sample is reported in grey and the average
curve in black. As the samples were not perfectly flat, the force of the loading
cell began to stabilise around 5 N, meaning that the s$tesis curves started
from a stabilised value of 2 kPa (2 kPa is the stress at 0% strain). As previously
mentioned, the timé T was the shortest time possible, taking into account
the specimen gparation procedure, which took approximately 3 min. As a
result, this had possibly led to a slight overestimation of the mechanical
properties in the early minutes in which thixotropic buifs takes place. The
discussion of the results is structuredaloivs: (a) the forcadisplacement and
stressstrain curves related to the reference mix are described and compared for
each curingime value; (b) the impact of theaterial'sconsistency and how
the sample was prepared are examined; and (c) the reshitsed at different

displacement rates are compared.
Influence of the concrete age

Figure 2-2 contains the experimental fordésplacement curves for the
reference cometeprintable mix (five specimens), whiléigure 2-3 portrays
the corresponding comparison between the average-strasscurves related

to distinct concrete ages.
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Figure 2-2: Compression tests REFSPO.10M-DR3. Average and individual results at
different times . (a) O minutes, (b) 15 minutes, (c) 30minutes, (d) 60 minutes. (UniNa
mortar)

The compressive stress cbad a peak value (i.e., compressive strength )

after initial linearelastic behaviour (the strain limit of the elastic range was
about 2% for all the concrete ages), and then fell back again along the softening
branch. It can be seen that there was a transition from plastic to brittle behaviour
as tle resting time increased, depending on lateral deformations; as fresh
concrete is almost visegolastic, lateral deformations are hampered by relatively
low stiffness (which increases with the curing time), causing failure by bulging.
In contrast, the oldesamples expanded less and had a more definite failure
plane evolution. The curing time increased the strength and stiffness values: the
material became stronger (higher yield stress) and more rigid (higher elastic
modulus). The augmented macroscopic &astodulus and yield stress

increasedrom an increas inthe size and number of hydrdiedges between
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the percolated cement particldhis phase is referred to as structurafidiy.

In detail, the average compressive strength was 8.80 kPa at 0 minutes, rising to
22.48 kPa at 60 minutes; meanwhile, the Young's modulus increased from 210
kPa at 0 minutes to 607 kPa at 60 minutes (Balgle 2-3). The overall
percentage increases with respect to the concrete age from 0 to 60 minutes were

156% and 189% fdahe compressive strength and stiffness, respectively.

Table 2-3 Influence of concrete agegUniNa mortar)

Concrete Age
0 min 15 min 30 min 60 min

Compressive Strength, o

REF-SP0.10-M-DR3 8.80 kPa 11.64 kPa 14.00 kPa 22.48 kPa

RSD (o)
REF-SP0.10-M-DR3 1587 %  11.76 % 17.49 % 14.72 %

Young’s Modulus, E

REF-SP0.10-M-DR3 210 kPa 252 kPa 430 kPa 607 kPa

RSD (E)
REF-SP0.10-M-DR3 3325 %  21.31% 36.63 % 44.83 %
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Figure 2-3: Effect of ageREFSPO.10M-DR3. Average comparison. (a) stresstrain
curves & (b) compressive strength with the standard deviation(UniNa mortar)

Influence of the material and sample preparation

During the sample preparation, the absence of SP in the mix (the $%0.00
DR3 sample series) resulted in a loss of workability/compaction and the
corresponding samples were characterised by more imperfections and voids.
Accordingly, the SP0.0M-DR3 sample (seleigure2-4(b)) mostly reproduced

the state with limited compaction after the rough pouring of the material into
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the mould. In contrast, an incremental increase in the SP percentage {SP0.15
M-DR3) compared to the reference mix led te txcessive fluidity of the
material, resulting in possible particle segregation. Indeed, the sample series
SP0.15M-DR3 (seeFigure 2-4(c)) may have reproduced the essee
manipulation of the material before testifggure 2-5 contains a comparison
between the average tirdependent stresstrain curves of the reference mix

(a) (RE--SP0.16M-DR3) and the average curves obtained with SP values of
0.00% (b) and 0.15% (c) (SP0-80-DR3 and SP0.1%- DR3, respectively).

All these tests were performed using a nylon membrane inside the cylindrical
mould. In cases (b)and (c), there wagduction in the compressive strength
and elastic modulugigure2-6 describes the average value of the compressive
strength as a function of time and the SP percentage: the mixes with too little
or too much SP (SP0.6M-DR3 and SP0.18-DR3) had lower compres®
strength values (at t=0 the compressive strength was 8.80 kPa for the reference
mix and about 5 kPa for SPO:00-DR3 and SPO.E81-DR3) and higher
relative standard deviations (RSDs). Indeed, at t=0, the RSD was 15.87% for
the reference mix and 39.46%d43.08% for SP weight values of 0.00% and
0.15%, respectivelylable2-4 contains a summary of the average compressive
strengths, Young's modulus and RSDs for eackstigated condition. The
compressive behaviour of the REEIP0.16M-DR3 and SP0.6M-DR3 series

was compared with the experéntal data obtained without the use of the nylon
membrane during the pouring of the concrete material (SRIMADR3 and
SP0.06NM-DR3, respectively).Figure 2-7 highlights the impact of the
membrane by comparing the stresmin curves, while the average
compressive strength values are summaiis€ijure2-8. The combination of
0.10% SP with the membrane produced the highest stiffness and strength values
and the lowest RSDs. In contrast, the corresponding Isamithout the
membrane (SP0.1RAM-DR3) experienced a high reduction in strength and
stiffness, even at very early ages. For example, at t=60 minutes, the
compressive strength (s&éable2-5) decreased from 22.48 kPa (REP0.10
M-DR3) to 5.44 kPa (SP0.10M-DR3), i.e., by approximately 75%, while the
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elastic modulus (se€Eable2-5) deaeased from 607 kPa(REFP0.16M-DR3)

to 124 kPa (SP0.18M-DR3), i.e., by approximately 80%. Furthermore, the
results obtained without the membrane had higher RSDs: at 60 minutes, these
figures were 14.72% and 27.78%, respectively, for {SEB.16M-DR3 ard
SP0.16NM-DR3 (seeTable 2-5). These results were probably due to the
adhesion between the plastic mould and the fresh concrete specimen: when the
mould was open, part of the gravityduced stress moved from the mould to

the specimen as tangential stresses, causing an initial deterioration in the
specimen itself. Additionally, if the casting occurred without a membrane, the
demoulding phase could have altered the specimen in terms of its geometrical
imperfections or disagegation

Figure 2-4: Samples prepared with differentsuperplasticiservalues: (a) REFSPO.160M-
DR3, (b) SP0.0&M-DR3, (c) SPO.18V-DR3, and (d) SPO.O0NM-DR3.
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Figure 2-5: Effect of the printing condition, the average stresstrain curves. a) REF
SPO.10M-DR3, (b) SP0.0&M-DR3, and (c) SPO.184-DR3.(UniNa mortar)
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Figure 2-6. Effect of the printing condition and compressive strength, with the standard
deviation. (UniNa mortar)
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Table 2-4 Influence of printing conditions. (UniNa mortar)

Concrete Age

0 min 15 min 30 min 60 min
Compressive Strength, o

REF-SP0.10-M-DR3  8.80 kPa 11.64 kPa 14.00 kPa 22.48 kPa
SP0.00-M-DR3 5.10 kPa 6.02 kPa 8.94 kPa 19.20 kPa
SP0.15-M-DR3 5.46 kPa 9.16 kPa 11.24 kPa 16.10 kPa

RSD (o)

REF-SP0.10-M-DR3  15.87 % 11.76 % 17.49 % 14.72 %
SP0.00-M-DR3 39.46 % 25.23 % 33.17 % 25.82 %
SP0.15-M-DR3 43.08 % 2435 % 12.78 % 21.34 %

Young's Modulus, E

REF-SP0.10-M-DR3 210 kPa 252 kPa 430 kPa 607 kPa
SP0.00-M-DR3 116 kPa 164 kPa 320 kPa 627 kPa
SP0.15-M-DR3 137 kPa 312 kPa 358 kPa 510 kPa

RSD (E)

REF-SP0.10-M-DR3  33.25 % 21.31 % 36.63 % 4483 %
SP0.00-M-DR3 98.36 % 4041 % 45.35 % 6.71 %
SP0.15-M-DR3 75.57 % 40.50 % 15.38 % 20.90 %
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Figure 2-7: Effect of specimen preparation, average stresstrain curves: a) REFSP0.10
M-DR3, (b) SPO.1eNM-DR3, (c) SPO.0M-DR3, and (d) SPO.OWM-DR3 (UniNa moriar)
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Figure 2-8: Efect of specimen preparation, average compressive strength with the
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SPO.10M-DR3, SPO.1NM-DR3.(UniNa mortar)

Table 2-5 Influence of specimen preparation(UniNa mortar)

Concrete Age
0 min 15 min 30 min 60 min

Compressive Strength, o
REF-SP0.10-M-DR3  8.80 kPa 11.64 kPa 14.00 kPa 22.48 kPa
SP0.10-NM-DR3 3.62 kPa 3.82 kPa 4.30 kPa 5.44 kPa
SP0.00-M-DR3 5.10 kPa 6.02 kPa 8.94 kPa 19.20 kPa
SP0O.00-NM-DR3 4.14 kPa 5.92 kPa 7.56 kPa 9.82 kPa

RSD (o)
REF-SP0.10M DR3  15.87 % 1176 %  17.49 %  14.72 %
SP0.10 NM-DR3 2574 % 2445 % 21.06 % 27.78 %
SP0.00-M-DR3 3946 % 25.23% 33.17 % 25.82 %
SP0.00-NM-DR3 2008 % 37197 % 20.42 % 44.75 %

Young’s Modulus, E
REF-SP0.10-M-DR3 210 kPa 252 kPa 430 kPa 607 kPa

SP0O.10-NM-DR3 68 kPa 94 kPa 93 kPa 124 kPa

SP0.00-M-DR3 116 kPa 164 kPa 320 kPa 627 kPa

SP0.00-NM-DR3 38 kPa 182 kPa 212 kPa 305 kPa
RSD (E)

REF-SP0.10-M-DR3  33.25 % 21.31 % 36.63 % 44.83 %

SP0.10-NM-DR3 25.72 % 58.32 % 48.48 % 37.33 %

SP0.00-M-DR3 08.36 % 40,41 % 45.35 % 6.71 %

SP0.00-NM-DR3 5747 % 7431 % 66.52 % 82.50 %

Impact of the displacement rate

The average timdependent stresdrain curves reported iRigure 2-9 were
obtained using two different displacemeate values (3mm/min vs
30mm/min) for the compression tests. The strain rate generally affected the

strength values rather than the stiffness. At low concrete ages (up to 15
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minutes), the increase in strengths approximate + 20% and was related to
the viscaplastic behaviour of the fresh material. As expected, the compressive
strength increased as the age reached 60 minutes, especially when the material
became brittle: at t=60 minutes, the compressive dtiaatglisplacement rates

of 3 mm/min and 30 mm/min we&2.48kPa and34.84kPa, respectively, a
percentage increase of abo&¥b(seelTable2-6). Although a higher stiarate

had beneficial effects in terms of compressive strength, the experimental data
were less reliable: the results of DR30 had higher RSDsT(@gle 2-6). The

elagic modulus did not seem sensitive to the strain rate: the difference in these
values for REFSP0.16M-DR3 and SP0.2:M-DR30 were contained within

the experimental scatter range (3able2-6).
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Figure 2-9: Effect of the displacement rate, average stressrain curves. a) REFSPO0.10M-
DR3 and b) SPO.10/1-DR30.(UniNa mortar)
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Figure 2-10: Effect of the displacement rate, average compressive strength, with the
standard deviation. (UniNa mortar)
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Table 2-6 Influence of displacement rate(UniNa mortar)

Concrete Age
0 min 15 min 30 min 60 min

Compressive Strength, o
REF-SP0.10-M-DR3  8.80 kPa 11.64 kPa 14.00 kPa 22,48 kPa

SPO.10-M-DR30  11.14 kPa 12.54 kPa 26.04 kPa 34.84 kPa
RSD (o)
REF-SP0.10-M-DR3  15.87 % 11.76 %  17.49 %  14.72 %
SP0.10-M-DR30 10.40 % 18.06 % 40.35 % 22.30 %

Young's Modulus, E
REF-SPO.10-M-DR3 210 kPa 252 kPa 430 kPa 607 kPa

SP0.10-M-DR30 176 kPa 256 kPa 488 kPa 763 kPa
RSD (E)

REF-SP0.10-M-DR3 3325 %  21.31 %  36.63 %  44.83 %

SP0.10-M-DR30 25.44 %  21.50 % 1321 % 17.93 %

Figure2-11, Figure2-12, Figure2-13, Figure2-14 andFigure2-15, portray the

time evolution of the compressive strengtly, 0, and the stiffnes’O 0,

(a and b, respectively). The empirical compressive strength and stiffness
relationships as a function of the concrete age were obtained through linear
regression of the experimental data related to each tested sample series. The
results werghen grouped and compared as a function of the concrete age to
examine the impact of the material, sample preparation and displacement rate
on the mechanical properties. In detail, the comparison was made by studying
the effect: of the SP weight (sEmure2-12); the use (or not) of the membrane
during the casting (sdeigure 2-13, Figure 2-14, respectively, for 0.00% and
0.10% SP); and the displacement rate [Sgare2-15).

The linear fit relationshipsEquation2-6) of the compressive strength and
Young's Modulus related to the reference mix (RBEP0.16M-DR3, see

Figure2-11) were as follows:
ZF 60 ™o yg1Qlo
00 @y pwh QOO
Equation 2-6

Figure2-12 highlights that the mixes with too little or too much SP (SP0.00
M-DR3 and SB.15M-DR3, respectively) produced worse mechanical
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performances (by up to 58%), especially in terms of the compressive strength.
This behaviour shows that the real conditions of the mortar during printing must
be carefully reproduced to prevent low contjat or segregation if intense
vibration is appliedFigure 2-13 and Figure 2-14 portray the impact of the
membrane for SP0.00 and SPO0.10, respectively. It appearstedbehat the
sample is significantly altered if the demoulding phase occurs without the
membrane. Such an effect was more evident for the mix with 0.1% SP, as the
specimen appeared to be homogeneous after the castifigise®-4 (a)) and

the only source of the disturbance was due to demoulding. Indeed, when the
sample was prepared with 0% SP, there were more voids inside Rigsee

2-4 (b)) than with 0.1% SP, and the demoulding disturbance was lower.

Furthermore Figure 2-13 and Figure 2-14 also reveal that the effect of the
membrane was more evident as the concreteiragea®s Indeed, as the
concrete hardened over time, the geometrical imperfections and voids, which
increased in the absence of the nylon membrane, were potentially detrimental
for strength development, especially when the material became more brittle. In
this scenario, the failure mode was strictly linked to the propagation of cracks.
This must be avoided during testing, as the material does not match the real
printing conditions, in which the printed mortar generally appears to be very
compacted and has no ik imperfections/voids. The comparison between
the tests carried out at different displacement values (3mm/min and 30mm/min)
is reported irFigure2-15. The mechanical properties improved when the test
was carried out at a higher displacement rate, especially in terms of compressive
strength (approximately +21, +40, +51 and +62% for t=0, 3b,and 60
minutes, respectively). Indeed, the mechanical properties of the cementitious
materials in the hardened state were known to be rate sensitive, based on three

hypotheses in the literatufe3]:

1 The Stefan effect, which links the rate sensitivity to the presence of

viscous pore fluid inside the cementitious material.
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1 The rate sensitivity of the crack propagation, which can alter the
fracture mechanism, attenuate the crackargipand cause preferential
cracking through higher strength regions.

I The inertial effects.

It is known that the failure of brittle materials depends on the cracking
processes, while the fracture energy increases with a rising strain rate, which
also inceases the load57]. Consequently, the compressisteength
increments grew with the displacement rate when the meaziaréhaviour
became more brittle: the distance between the two interpolating liféguire

2-15 (a) increases with the concrete resting time. In detail, the strength
increment at 0 min (from 8.24 kPa to 9.94 kPa, i.e. a percentage increment
increase equal to 21%) was probably only due to the viscous behaviour (point
1 above), as also found for the squettae effect[58]. Meanwhile, there was

a further strength increment that was probably linked to the rate sensitivity of
the crack propagation as the time increased (point 2 above): at 60 minutes, the
total strength increment was 13.7 kPa (an increase of aboul G29gse
findings highlight that a proper test displacement rate must be defined to:
prevent unexpected overestimations of the compressive strength throughout the
concrete age, and ensure that the testing range is compatible withtéral's

curing timeand printing process. For instance, with a gtselting printable
mortar, higher displacement rates (in the order of tens of millimetres per
minute) should be adopted for the compressive test to prevent physical changes
in the specimen as a function bettoncrete'sage. Even though quieetting

mortar is still compatible with the printing process (i.e., higher building rates
could be adopted), the rate at which each printed layer is loaded/deformed by
the subsequent layers remains relatively low. Cquesetly, that rate must be

comparable with the test loading/displacement rate to avert-sitairffects.

In contrast, there were no appreciable chang&®img'smodulus values for
the resting timeexamined: the difference in the values related to-FEH0.10
M-DR3 and SP0.1:81-DR30 were within the experimental scatter range. The
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linear interpolating relationships related to each case are set out in the graphic
legend of the corresponding figur&igure 2-11, Figure 2-12, Figure 2-13,
Figure2-14, Figure2-15) concerning the strength and stiffness tievelution.

These were executed in the failure prediction analytical model (compressive
and selbuckling failure) to assess the impact of the test parameters on the
buildability performancesfdhe investigated printable concrete.
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(b) with and without the membrane and with SP=0.10%.(UniNa mortar)
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2.1.1.3 Failure prediction during printing
The need to define an adequate testing procedure for the mechanical
characterisation of printable mortars is strongly linked to the correct prediction
of the critical height of the element during printing. However, it should be noted
that the structural buildp process could also be affected by other issues, such
as the bear stress failure, excessive deformation, and geometry imperfections.
This section describes the analytical failure criterion adopted to predict the
compressive failure of the first layer or the damlickling failure of the entire
printed element. The aiytical criterion was used to quantify the failure
prediction capability as a function of the testprgcedure variability
experienced during the experimental characterisation of the compression
behaviour of the printable mortars (i.e., in the abseneestdndardised testing

procedure).

The first failure prediction was based Bguation2-2 andEquation2-5, which
were in turn based on the wall geometry hypothesis described in s2dtitn
and referred to each testing conditiovestigated (i.e. variations in the material
and testing procedure, the use of the membrane and the displacement rate).
Concerning the reference mikigure 2-16 shows the evolution of the:
experimentallyderived compressive strength (red dashed line) and vertical
stress (continuous red line); the experimentd#yivedYoung'smodulus (blue
dashed line); and the critical elastic modulus (continuous bhe). The
vertical axis is expressed in a sdogarithmic scale for a better representation.
All the variables are reported as a function of the stacked layendich is
linked to the time variable through the following expression:

0D

¢

Equation 2-7

In this graphical representation, the intersection point between the
experimentally based and analytical criterion curves corresponds to the number

of layers that determine the faiduof the printing element due to sblickling
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(blue circle) or plastic yielding (red circle); the lowest values of n represent the
maximum number of layers that can be produced by printing that kind of
mortar. For the reference mix, the maximum compvessirength in the first

layer was achieved when 49 layers were stacked above it, while the self
buckling failure occurred after the deposition of 22 layers; thebselkling

thus occurred first, and the 22 layers correspond to the failure predictiom of t
printed wall. The same numerical evaluation was made using the experimental
stressstrain data obtained from each testeundition variableFigure2-17 (a

and b, repectively for analytical method, i.Equation2-2 and Equation2-5,

and failuremechanism map, i.e., Sui&6]) contains a summary of the results,
reporting the number of layers corresponding to the compressive failure
(coloured bars) or the sdbiuckling failure (square symbol); the colours
represent the series groups belonging to the same experimental vanition,
grey, green, orange, and blue corresponding to the reference mix, the use of the
membrane, changes in the amount of SP, and the displacement rate,
respectively. In all cases, the failure was due to thebselling. Even though

the results could cimge with the building rate, the critical printed element
height (i.e. the maximum number of layers) mainly varied depending on the
specific test results adopted in the analytical failure criterion, ranging from a
maximum value of 22 (for the reference ilegtprocedure and SPO-A\B-DR3)

to a minimum of 15 (SP0.1AM-DR3) for both methods (sdégure2-17 (a)

and (b)). Based on these results, it is clear that a slighdtieariwithin the
material (i.e. a variation of consistency, the presence of voids, the previous
stressstate) seems to affect the compressive failure prediction more; indeed,
the maximum number of layers failing in compression changed from a
minimum of 15to a maximum of 49 (reference mix). Alternatively, the
displacement rate used during the compressive test could lead to a relevant error
in the compressive failure prediction: the results show that by varying the
displacement rate from 3mm/min to 30mm/mthere was a shift in the
predicted critical number from 49 to 91. Accordingly: (a) the use of the external

membrane during the casting improved the repeatability of the test results, due
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to the lower disturbance induced on the sample during the demoulttieg
failure prediction was more trustworthy when the external membrane was used;
and (b) the lower or higher percentage of SP used (compare SWDHB

and SPO0.13M-DR3 with REFSP0.16M- DR3) changed the maximum
number from 20 to 49 and 18 to Zdure2-17(a)) and from 21 to 49 and 16

to 19, Figure 2-17 (b)), respectively, fothe compressive and sdifickling
failures. Finally, both methods provided approximately the same results for the
compressive failure prediction. At the same time, more significant differences
were experienced for the sdlfickling collapse: such differees were
probably due to the increased accuracy of Suiker's model, which incorporates
the most relevant process paramefgé$ The variabilitythat characterises the
printing process/material and, in turn, the testing procedures could significantly
affect the failure prediction. Until now, a good matching between
numerical/analytical models and the experimental buildability tests has been
demongrated in a limited number of cadd$®), 48, 56] It should be pointed out

that, to achieve accurate modelling (FEA or analytical), it is also necessary to
consider additional important aspects, such as the geometry of the printed
object, modelling strategy, material/process imperfections etc. Thekegtn
underline the need to define standard procedures for the mechanical
characterisation of the material to achieve greater reliability of results to be used

in predictive analytical/numerical models.
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Figure 2-16: Comparison between the compressive strength and the vertical stress (red
curves) and between the Young's modulus and the critical elastic modulus (blue curves)
for the reference mix.
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2.1.1.4 Remarks and recommendation
This section presented and discussed possible correlations between
experimental characterisation procedures and failure criteria fegridiiable

concrete mixes.
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The experimental program consistfdunconfined uniaxial compression tests
(UUCTSs) on a reference concrgigntable mix that was subjected to changing
testing procedures, including the: (a) concrete age; (b) material and sample

preparation; and (c) displacement rate adopted.

(a) The concrete age affects the eadge mechanical response. As the
resting time increased to 60 minutes, there was a transition from plastic
to brittle behaviour and an increase in strerffytm 8.80 to 22.48 kPa)
and stiffness (from 210 to 607kPa). This bebar was also
experienced whewarying the testing procedures

(b) In the reference mix, the amount of SP used was varied to bring about
material preparation/compaction changes. Increasing and decreasing
the quantity of SP appeared to lower the strengtiffnests (strength
began at 5kPa for both SP0.00 and SP0.015) and experimental scatter
(RSD reached a peak d8.08%). This aspect highlights the need to
accurately reproduce the physical state of the printing mortar without
excessive compaction while alseoéding rough pouring.

(c) The sample preparatiovas varied to evaluate the use of the membrane
during casting. The results without the membrane had the lowest
strength (from 3.62 to 5.44 kPa) and stiffness (from 68 to 124 kPa),
exhibiting high variability ¢ompressive strength RSD reached a peak
of 44.75%). This indicates that smooth surfaces protect the specimen
from imperfections and voids that are detrimerital compressive
tests.

(d) The displacement rate affects the strgtsgin response at different
congete ages.As the rate increased, there was a large rise in
compressive strength (from 22.48 to 34.84 kPa), despite a decrease in

accuracy (compressive strength RSD reached 40.35%).

Starting from the expetmnMandtstifiessE ompr es s
(t) relationships, an analytical failure criterion was used to predict the printed

element's compressive or sblickling failure. Summarising:
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2.1.2

- In the whole cases, i.e. for each testing protocol, the failure was due to the
loss of stability.

- Failure die to compression was much more affected by the testing
variability, especially when considering the effect of the displacement rate,
which led to more significant differences.

- The use of an external membrane improved the repeatability of the test, and
thefailure prediction was more reliable.

- The overall effect of the various testing procedures may lead to a failure
prediction variability in the range of 3M%.

UUCTSs: strength and stiffness evaluation

In the previous section, the experimental campaigrs weesented and
discussed for the UniNa 3D printable mortar set up reliable testing
procedures for determining the compressive behaviour of the investigated
materials It allowed to bring out the adequate procedure for preparing
cylindrical specimens @D printable mortar at fresh state along with the setup
of relevant testing parameters. Following such procedure (i.e. specimen
preparation and testing sep), the compressive behaviour of i.tech mortars
developed by Italcementi (i.e. i.tech N and i.t&dF) was studied through a
similar experimental campaign. At the innovation laboratory (i.lab) of
Italcementi, a large number of UUCTs were executed by varying the specimen
Aspect Ratio (AR=0.5, 1 and 2) and the Displacement Rate (DR=5, 10 and 30
mm/min) alopting the Design of Experiments methods (DoE). However, only
the more significant results are presented (i.e., AR=2 and DR=5 and

30mm/min).

More in detail, the aim was to evaluate the ststssin relationship of the fresh
I.tech mortars over time andsess the timdependent constitutive law in terms

of Young'smodulus and compressive strength.
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2.1.2.1 Experimental program
Uniaxial unconfined compression tests were performed at different values of
the concrete age, i.e. t=0, 10, 20 and 30 minutes for the cementitious
formulations i.tech N and i.tech NF. Also in such case, the reference time t=0
was the shortest time, aboutrnutes, necessary to start the test (taking into
account the sample preparation and its placement into the testing machine).

In the mixing procedure, the dry components were mixed with water using the
Hobart mixing machine for 4.5 minutes. The resultingterial was used to
prepare the cylindrical specimens, with a diameter of 60mm and a height of
120mm. The mortar was cast inside a 3D printed plastic m&iddirg 2-18

(a)) internally coated with a membrane. The membrane and disarming oil
helped the demoulding proceduFégure2-18 (b)) after the specimen position
into the testingnachine: this operation required about 6 minutes (counted from

the end of the mixing phase).

@

Figure 2-18: (a) 3D printed plastic mould and (b) specimen demoulding.

The testing machine used was the MTS electromechanical Universal Testing
Machine with a 1kN cell capacity (a picture of the testingupeils reported in
Figure 2-19). A 2N preload was applied to the specimen just after its

demoulding in order to have a flat loading surface. Then the load was removed,
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and the test began only after waiting for the resting time (0, 10, 20 or 30

minutes).

The tests were carried out undasplacement control, adopting 5 and 30
mm/min as crosbead displacement rate valugf®R"). These values are
similar to those adopted in sectidri.land were choseto study the effect of

(i) the strain rate applied and (ii) testing duration in relation to the hardening of
the material. The strain rateapplied to the specimen is given by:
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Equation2-8

Equation2-8 returns a strain rate of 0.04 and 0.25 [fjrfor DR=5mm/min

and DR=30mm/min, respectively.

MTS Insight

Figure 2-19: Testing setup: MTS electromechaniéé/niversal Testing Machine.

The forcedisplacement testing output was converted in a siteas law. In
detail, the vertical stress was obtained by dividing the recorded machine force
for the updated crossectional area, which was assessed according to ASTM
D2166/D2166M, while ta strain was obtained by dividing the displacement of

the loading head for the initial value of the sample height. For every specimen,
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three specimens were prepared to obtain an average value of the mechanical
properties and a measurement of the standarition. TheYoung'smodulus

value was obtained as secant modulus in tB&Gtrain range, which identified

the elastic limit behaviour, while the compressive strength value was obtained

as the peak stress value.

2.1.2.2 Results and discussion
Figure2-20 andFigure2-21 display the average stresgain relationship over
time for (a) itech N and (b) iteciNF, and for DR=30mm/min and
DR=5mm/min, respectively. As for the UniNa mortar, there was a transition
from plastic to brittle behaviour over resting time. It can be observed that the
peak position (i.e., the maximum value of the compressive strength§ shif

toward a lower strain value as the time increases for each DR case.

Figure 2-22 and Figure 2-23 show the linear regression law for Young's
modulus and compressive strength obtained from the elaboration of stress
strain data. i.tech NF cementitious formulation showed a higher initial value
and slope of Young's modulus and comprassitrength than i.tech N. This
behaviour is linked to the presence of the fibres, which absorb part of the water:

this results in a lower w/c ratio with consequent higher performances.
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Figure 2-20:Average stressstrain curves: a) i.tech N, (b) i.tech NF (DR30)
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Figure 2-21:Average stressstrain curves: a) i.tech N, (b) i.tech NF (DR5)
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Figure 2-22: Young's Modulus: a) i.tech N, (b) i.tech NF.
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Figure 2-23: Compressive strength. a) i.tech N, (b) i.tech NF.
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The different strain rate values (a) affected the mechanical strength, while (b)
negligible differences were observed fdoung'smodulus.Considering the
regressionthe compressivetrengthgrows from22.99to 3377 kPa and from
29.0to 4487kPa (at 0 rimutes) for i.tech N and NF, respectively. Furthermore,
the growth ratdi.e. the slope of therie)is slightly higher for DR=30mm/min

1.56 vs 1.25 kPa/min ar’d15 vs 1.89 kPa/min, for i.tech N and .NF

Comparingthe UCCT results between UniNa and Italcementi mortars allowed
a better interpretation of thearly-age behaviour of printable materials for
which the extrudability is guaranteed as a commorrgueisite. Indeed, the
first outcome (@) is in contrast withat observed for UniNa mortar, i.e. almost
unvaried compressive strength with DR adopted; the reason is that for
Italcementi mortar, the test duration is dominant over the rate sensitivity (as
detected i2.1.1.2 due to a faster setting time of the material. At the same
applied strain value, the material tested with DR=5mm/min (i.e., longer test
duration) has more advanced cement hydration than that tested with30m

and for such reason, it showed better compressive strength perforntdnises.
effect tends to reverse with the resting time. As experienced with UniNa mortar,
the failure of brittle materials depends more on the cracking procassethe
fractureenergy(and, consequently, the peak loatreases witlthestrain rate

[53]. This aspect meanthat (i) the compessivestrengthincreases with DR

and (ii) the increment in strgth is more significantith the material hardening

since it becomes brittle

In contraposition, the hydration process of the UniNa mortar takes more time
and starts later with respect to the Italcementi material. This difference implies
that the UniNa matrial is more sensitive to viscous phenomena. Therefore, it
appears that the hydration kinetics of a specific material suitable for 3D printing
(i.e., which guarantees extrudability and pumpability) plays a majoirrbteth

i) time evolution of the mecimécal properties to be used for buildability models
and ii) strain rate sensitiveness which is representative of the velocity condition

of the filament from the nozzle.
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2.1.3 Conclusive remarks
The experimental characterisation was focused on the-agel\compgssive

response of two types of printable mortar: UniNa and Italcementi mortar.

A preliminary experimental campaign was carried out on the UniNa mortar to
study the effect of the testing procedures on the uniaxial compressive properties
evaluation. Indeedthere are no standard procedures for the compressive
characterisatiornof fresh printable mortars, and the specific experimental
method adopted could influence the resulting data. Specifically, unlike cast
concrete, thenaterial'sbehaviour evolved durintdpe buildup process; for such
reason, the timedependent compressive properties and the effectiveness of the
testing procedures that may affect buildability were studied. Thanks to this
experimental program, it was possible to define the testing pracehd
highlight critical points in the investigation of fresh properties, such as the
specimen preparation and the need to accurately reproduce the physical state of
the printing mortar without excessive compaction avoiding rough pouring. The
experimental method developed was used to investigate dhiféerent
cementitious formulations used this thesis work: the i.tech N and NF

Italcementi mortars.

The completion of the UUCTSs for both mortar types allowed the obtainment of
the stresstrain relationships and their evolution with the resting time in the
range 860 min and €0 min, for UniNa and Italcementi mortar, respectively.
There was a transitioinom plastic to brittle behaviour andcreasedstrength

and stiffness for both materials with increasing resting time.

In addition, it was observed that the DR value affected the compressive
response budifferently for the tested materials. Indeed, the Italcementi
mortar, the test duration prevails over the rate sensitivity, as detected for UniNa
mortar: at the same strain, the material tested with the lowest value of DR was
older than that tested with high strain rate, and for such reason, it shetiexd

mechanical performances. On the contrary, there was a significant rise in
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compressive strength as the DR increased for the UniNa mortar. As a result, the
correct value of DR should be high enough to avoid the material curing during
the test executin but sufficiently low to do not have viscous effects (such as

the rate sensitivity of the compressive strength).

In the specific case, the UniNa material is more sensitive to viscous phenomena
since the hydration process takes more time and startsvittteiespect to the
Italcementi material. This means that a higher value of DR is preferable for the
Italcementi material, while the contrary is valid for the UniNa formulation.

Further efforts should be made to develop proper testing guidelines that
incomorate the main features of given printing technology (e.g., available
building rates, pressure during extrusion, nozzle characteristics) and the

material'schemical/curing properties.

Firstly, it should be considered that the pumpability of concretaneillitably
change void distribution into the extruded filament. The precise experimental
replicability of the "extruded" condition is difficult toguarantee with
conventional testing methods (i.e., traditional compression testing procedures)

unless compdion applies

UUCT can provide the stres$rain relationship over time, but it cannot
reproduce the effective conditions of the printed filament during the-bpild
construction process. Furthermore, triaxial compressive states may arise at
smaller aspdaatios (i.e., extruded concrete layersleeting the compressive
strength

It shouldalso benoted that improved measurements techniques are desired in
the future; for instance, the accuracy of the results could be improved through
the optic measuremg as reported if20]. In this way, the mechanical

parameters could be reliably used in predictive models for both the printing

stage (i.e., earkpge concrete) and the hardened state.

82



2.2

Early-age creep behaviour

3D printable mortars in the fresh state (i.e., flaimping, exit from the nozzle

to layer deposition) behaves predominantly as a we$astic material59i 61].
Generally, viscoelasticity combines viscous and elastic behaviours; the key
properties of viscelastic materials are the stress relaxation (i.e., the stress level
decreases undermstant applied strain over time) and the creep effect (i.e., the
strain level increases under constant applied load over time). In order to
distinguish and define the limit between pure viscous and elastic behaviours,
the dimensionless Deborah (De) numieemployedin rheology and it is
defined as the ratio of two characteristic tirf@®): the relaxation time fsec]

(i.e., time for the material to reach the equilibrium after perturbation) and the
observation time T [sec]. A low value of the De number means that teeaha
behaves as a viscous Newtonian fluid; on the contrary, if the De value is high,
the material behaviour is dominated by elasticity. Since fresh cementitious
materials initiate the hardening after the extrusion from the nozzle, a transition
from a vigo-elastic to an elastic behaviour is expected: such transition is driven
by flocculation mechanisms and cement hydration kinetics over time and
depends on the specific material utilised in the 3DCP process. Theblayer
layer deposition occurring duringD®P generates progressive and stepwise
compression in the concrete filaments, which undergo increasing levels of axial
strain while the hardening process takes place simultaneously. Additionally,
delayed deformations of compressed layers may also appeag dhe
automated process, specifically in the (short or long) time elapsed between
subsequent deposition heights, affecting either the dimensional accuracy (i.e.,
through the accumulation of layer deformation) or the buildability/stability
performance othe printed element. Hence, it is fundamental to characterise the
long-term compressive response of printable mortars at a very early age as it
can lead to additional (and/or not negligible) deformations under the
progressively applied load. The mix desigf printable mortarss generally

characterised by a high paste volume, a low wiateement ratio (w/c), a high
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dosage of mineral additions and superplasticiser, often mixed with a viscosity
modifying agen{63]. Such particularities affect the visetastic properties of

the resulting fresh material: on the one hand, low wateement ratios yield
higher comprssive strengths over time; on the other hand, high paste volumes
are more sensitive to creep and shrink@g&66]. The evolutbn over time of

the degree of hydration strongly influences the mechanical response in-cement
based materials; therefore, higher creep strains are experienced if the traditional
concrete is demoulded and loaded at early ages than in the hardengg@fistate
671 72). It is resonable to expect similar behaviour in the cementitious
materials employed in the 3DCP.

The aim of this section is to identify the critical aspects related to theaagely
creep characterisation and modelling of printable mortars commonly used in
3DCP. Unler a constant load, the eadge mortar shows a total strain value
divided into two rates: an instantaneous and a delayed fidinThe former

is mainly correlated to the elastic material response and adopted printing
process parameters (e.g., material pressure coming from the nozzle, printing
speed, building rate). At the same time, the latter is mainly studied by surface
thermodynanics theories that treat the cement paste as @ohase material,

i.e., characterised by micdiffusion of both pore water and solid partidé83].

While pore w#er microdiffusion is mainly correlated with settlement,
consolidation and drying phafg7], solid particles naro-diffusion makes the

solid phase more mobile, and therefore it is considered the direct source of
creep[73]. In fresh mortars, the time range in which the detagtrain
completely develops is drastically shorter than in hardened ones: further
delayed deformations certainly continue to develop over time, but their
magnitude is negligible for the phenomenon and the production process herein
investigated. Accordirlg, such delayed strain was designated early-age

creep for the specific applications of 3DCP.

To this scope, timelependent uniaxial compression tests were preliminary

designed and carried out on cylindrical specimens of UniNa 3D printable
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mortar toevaluate the material response under constant load at different resting
times (i.e., 0, 15, 30 and 60 minutes) and, at the same time, define a proper
methodological experimental approach. Then, the experimental outcomes were
used to calibrate a analytcal model (i.e., th@8urgers'model[74]), which

considers the viseelagic response exhibited by the printable mortar.

Once determined the suitability of tBeirgers'model for predicting early age
creep, a similar experimertahalytical approach was implemented for the
Italcementi mortars-tech N and NF, including, howe¥, additional printing
relatedoptimisationaspects in the methods. In particular, cylindrical specimens
were subjected to a wider stefise loading historyreproducing the stress state

of the first stacked layer during the printing process. Since #sis dan
reproduce any load history bequivalently- any building rate (by varying the
increment load applied for every step and the maintaining time of such force),
it is more flexible and allows replicating different printing parameter values (as
the nterlayer time, material density and filament height). Even in this case, the
experimental outcomes were successively used to calibrate the analytical
Burgers model through a numerical algorithm implemented in Matlab. The
resulting analytical model can lzehelpful tool to predict the actual vertical
displacement of a 3D printed object during the automated stacking process,
including the cumulated neinstantaneous deformations. Indeed, assuming
that each deposition step is characterised by an instantaceestsint load
application (i.e., the weight of one filament) before the subsequent layers, the
instantaneous and creep strain can be assessed. Mordertfying a proper
time-dependent stressrain behaviour of the 3D printable mortar is a key
advanement for establishing constitutive laws to be adopted in finite element
or numerical simulations. Therefore, the calibratdd discoelastic model is
used to evaluate the vertical displacement of a 3D printed element, focusing on
the influence of the timgap between two subsequent layers and the 3D

printable mortar stiffness.
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2.2.1 Theoretical background
The constitutive stresstrain relationship of a viscoelastic material is strongly
dependent on the time variable, referred to the applied load or dimain.
particular, the mechanical response over time is the result of both the loading
history and the strain rate, and it is characterised by the stress relaxation and
creep effectsThe overall mechanical response is modelled through simple
spring dashpot system (for elastic and viscous behaviour, respectively),
connected in series or parallel. The constitutive equation of the elastic
component (i.e., the spring) is:

-0
Equation 2-9

where, [kPa] is the Bess; [-]isthe strain,an®[ k Pa] i s Youngo6s mc
Equation2-10 models the viscous timgependent behaviour:
3
Qo
Equation 2-10
where— [kPa3ec] is the material viscositf 7Q dsec?] is the rate of change
of strain, andd [sec] is the time of observation. Typically, more articulated
analytical models can be constructed frAgquation2-9 and Equation2-10to
better reproduce viscoelastic materials' taegpendent responsEheMaxwell
modelis represented by an elastic spring and a coupled viscous damper, as
shown inFigure2-24a. Since both devices are subjected to the same stress, the
model is also called the issiress model. By applying the derivative of total
strain with respect to time and usiBguatiorn2-9 andEquation2-10, the stress
strain relationship is governed Bguation2-11( t he s Mbscef @it s it o t |
Maxwell devce).
Q

P "
o o

0

Equation2-11



Such a model provides a stress behaviour that decays exponentially with the
application of time permanent deformation (i.e., stress relaxation). The model
does not accurately predict the creep effect under constant Ieadhe strain

will increase linearly with time (with a slope of7— ).

The Kelvin-Voigt modelis represented by spring and damper arranged in
parallel (se¢igure2-24b); both devices are subjected to the same strain, so the
total stress is governed Bquation2-12( i n whi ¢ h Koh er esfuebrssc rtiop t
the KelvinVoigt device).
0o - 3
Qo

Equation2-12

Through Equation2-12, it is possible to demonstrate that such a model is
accurate to describe the creep effect: if constant stfé&fy, o , s
applied the strain will increase over time until a maximum value,offO ,
depending on the viscosity . By contrast, the model has some limitations for
stressrelaxation modelling: if a constant strai®¥ 6 - is applied, the
model provides a constant valof the stress 'O 3 without predicting its

decrease.

A further elaboration of the sprindashpot systems to describe viscoelastic
materials is represented by tBeu r g e r s b compoisgetthe Maxwell and
Kelvin-Voigt models connected in series, shown irFigure2-24c andFigure

2-25. Intending to get the creep functiore.j.the analytical law of the time
dependent strain under constant applied load, the stress function has to be

introduced througlEquation2-13;
. 0 ., 000 0
Equation2-13

where, [kPa] is the amplitude of the imposed stress at the dinjgec] and
H(t) [-] is the unit step function The creep function can be obtained by

introducing the stress function 6 (Equation2-13) in Equation2-11 and
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Equation 2-12. Employing further analytical sted§5], it is possible to
calculate the total strain 0. Asarsul t, the creep functior
model can be obtained through the superposition principle, combining the

response of Maxwell and Keldvioigt model. The resulting analytical law for

the strain variation over time is reportedsquation2-14.

Equation2-14
where o [sec] is the relaxation time (expressed as the ratifO in the
Kelvin-Voigt model). Equation2-14 provides the total strain as the result of
three components: the instantaneous strain, the delayed elastic strain and the
irreversible creep strairFigure 2-25). In detail, the dampers with viscosity
values of- and-— allow modelling the sealled primary and secondary
creep, respectively. The former tends to decrease over time, whereas the latter

dominates the lonterm deformation with the stationary creep taté- .

One of the main advantages of Burger so
identification of four parameters from experimental tidependent strain
curves, as already done in literature for traditional Portland cement[p@ste

61]. This model was chosen to describe the strain response recorded under a
constant applied load during experimental tests. Since the issue to be faced is
related to a monotone load history of the 3D printing processjrttoading
response is neglected. Specifically, the analytical model is herein used to
predict the material response under the constant load related to astaudjked

layer. As a result, the total strain can be represented as the sum of two
components: dime-independent strain, i.e., the instantaneous strain, and the
time-dependent strain, i.e., delayed elastic strain and irreversible creep strain

(as represented Irigure2-25).
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2.2.2

Maxwell Model

Ewv N
Kelvin-Voigt Model

O = EK - g
N«
Burgers Mode/l
E M n M —
N«
Figure 2-24: Linear viscoelastic model: (a) Maxwell, (b) KelvieMoigt and (c) Burgers.
V' N
<lope = fJ_'ﬂ':L—--""T_ irreversible creep
— Nw strain

total strain [%]

T | / J = delayed elastic

| N, =Ex« )
M\tg a = o1y +1/my,) T3 strain

E _________________________________________
k
W = é E instantaneous
= g = strain
b b i time [sec]

Figure2-254 3 AEAI AOEOAOCEIT T £ OEA "O0cCcA006 77 AAI
toand k).

Determination of deformation under constant load

2.2.2.1 Experimental method

Early-age creep tests under uniaxial compression load were pedoon
cylindrical specimens, having the diameter, d, of 60mm and the height, h, of

120mm Figure2-26a): the geometry was chosen to exclude size effects due to
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particle size distribution and to have h/d=2, i.e., introducing diagonal shear
failures. Specimens were tested using an MTS electromechanical Universal
Testing Machine, with 10kN capacity, at room temperature T=22°C and
relative humidity RH=60%. According {@6], such specimens were produced
using a plastic 3Bprinted openable mould (in order to provide good shape
retention) and by using an internal nylon membraneginice the specimen
to-mould interface friction effectively After the casting procedure, the
specimen was demoulded and the membrane removed,; in this way, the curing
took place in the same drying condition for both the specimen and the 3D
printed object.

Early-age Creep
Strain

Loading Control

Total Stra\nI R — — — Displacement Control

Instantaneous
Strain

stress [kPa]

constant load

To

»
Ll
time [sec]

total strain [%]

early-age creep strain

instantaneous strain

»
L4

Ttot

Figure 2-26: (a) Sketch andtested specimen and (b) loading history.

Figure2-26b illustrates the loading history, which was composed of two parts:
an increasing linear branch up to the target,|6&d(i.e., 8N, the weight of the
specimen), performed in the displacememntrol condition in the range of
time 0- t0; and a horizontal constant over time branch, performed in the
load-control condition in the range of timgand ¢. The displacen@ vs time

testing record was converted in a total strain vs time curve. In detail, the total
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strain-  was obtained by dividing the displacement of the loading head by
the specimen height; whereas the target siresgms obtained by dividing the
recorded target forceyBy the updated crossectional area, assessed according
to the equation provided in Section 8 of ASTM D2166/D2168K]. To avoid
non-controlled interferences with time dependent material behaviour, the
overall testing pcedure was iteratively calibrated in order to satisfy two

constraints:

a) the Displacement Rate (DR) in the increasing linear branch up to the target
load, o must be high enough to consider the loatantaneously applied
(the relaxation time,tmust begreater than the time, so that viscous
strains can be considered negligible in the time range )}

b) the whole test duration I'= to + tr) must permit the full development of

the earlyage creep strain.

Sample preparation (i)

]

Testing execution at a resting
time t*=0, 15, 30 and 60 min
N (with DR and Ty,) (i)

-

Strain vs time curve (iii)

I

Calibration of Burgers' Model |
parameters (iv)
Ew (1), Ex (), N (1), rw (1)

l

R Check ty<<t (v)
(t relaxation time = n, / Ex)

Change DR value

Change T, value

‘ Yes
v

M| Check g (t) - Eoq (b - dt) = 0 | (Vi)

[ Yes

L, J

Experimental procedure and | (yjj)
model calibration completed

Figure 2-27: Logic scheme of the iterative process for experimental procedure and
"OO0CAOOG T T AAI AA]I EAOAOCEI T 8
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For the sake of clarity, the logic scheme of the iterative process is reported in
Figure2-27. As schematically reported Figure2-27, (i) three specimens were

prepared according {@6] and (i) tested with an initial value of DR and.J

selecting aspecific resting time among t*=0, 15, 30 and 60 minutes.
Subsequently, (iii) once the average total strain vs time curve was
experimentally obtained, (iv) e&dhe Bur ge

exploiting the following equations:
Equation2-15 - 0 —
Equation2-16 a Qa6 —
Equation2-17 -6 -0 , 70 0'Mi-Q ©O&&ti 6D 60

h

Equation2-18 ®UL "Q i p b

Equation2-15 allows assessing the stiffness value of the Maxwell spring, with
the simplified initial assumption (to be checked with subsequent iterations) that
at time 0 only an elastic instantaneous strain arises, i.e., the viscous
contribution is neglectedEquation2-16 requires that, aftey , the slope of the
experimental cur¥ is equal to the #— ratio for longlasting obser