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Italian Abstract

La manifattura additiva nel settore delle costruzioni fornisce vantaggi in termini di migliora-
mento del tasso di produzione, di flessibilita architettonica e di riduzione dei costi, ponendo
nuove sfide ingegneristiche. Molte di queste sfide consistono nell’ottimizzare la compatibilita
del calcestruzzo con i peculiari aspetti del processo realizzativo, a cui si associano specifici
requisiti meccanici. Tuttavia, indagando le procedure di prova, risulta chiaro come fino ad
oggi nessuna linea guida sia stata riconosciuta; ne consegue che i ricercatori possono riferirsi o
a tipologie di test sviluppate per terreni o per calcestruzzi induriti, dando vita ad una scarsa
capacita di predizione. Questo lavoro tratta il monitoraggio dell’evoluzione della resistenza
meccanica di calcestruzzi stampabili, monitorando cioe quando il materiale si trasforma dallo
stato fresco a quello indurito.

Inizialmente sono stati delineati i fondamenti del 3D Concrete Printing, assieme ad un analisi
dettagliata della successione cronologica di letteratura, dove sono state evidenziate le poten-
zialita e le sfide del metodo. Successivamente un mix stampabile in 3D & stato sviluppato
e testato: precisamente, tre tipologie di test sono state prese in considerazione, cioe, prove
a compressione uniassiali non confinate, prove a compressione uniassiali per creep e test reo-
logici. Al fine di definire una struttura per i futuri test, sono state considerate quattro variabili
che potenzialmente influenzano la buildaiblity e il creep: (i) la maturazione dallo stato fresco,
(ii) la percentuale di superfluidificante, (iii) 1'utilizzo di una membrana durante la produzione
dei provini e (iv) il tasso di spostamento. Contrariamente, i test reologici sono stati effet-
tuati variando unicamente la percentuale di superfluidificante. Infine viene inoltre fornita una
struttura analitica per la predizione del collasso.

Abstract

Nowadays, additive manufacturing in construction industry gives advantages in terms of im-
proved production rate, architectural flexibility and cost reduction, posing new engineering
challenges. Most of these challenges consist in optimizing the concrete compatibility with the
extrusion and the buildup process, resulting in specific mechanical requirements. However,
focusing on testing procedure, it is clear that until now no standards are recognized; it comes
out that authors may refer either to soil or to hardened testing, giving rise to a scarce pre-
diction capability. As a result, this work deals with the monitoring of 3D printable concrete
mechanical strength evolution, i.e., when the early age mix develops from the fresh to the
hardened state.

Initially, fundamentals of 3D Concrete Printing are outlined, along with a breakdown of the
chronological succession of literature documents where potentials and challenges of the method
are highlighted. Subsequently, a 3D printable concrete mix has been developed and tested:
in detail, three testing typologies are explored, i.e., uniaxial unconfined compression tests,
uniaxial compression creep tests and rheological tests. In order to define a dedicated testing
framework, we consider four variables that may affect results influencing buildability and creep:
(i) the early age curing time, (ii) the percentage of superplasticizer, (iii) the employment of
membrane during the sample casting and (iv) the displacement rate. By contrast, rheological
tests are performed by varying only the percentage of superplasticizer. Finally, we provide an
analytical framework for failure prediction.
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Contents vii

Notation and glossary

Throughout the work, the notation, abbreviations and symbols are described when first used.
Abbreviations and symbols used across chapters are summarized in following.

Abbreviations
3D Three-dimensional.
3DCP 3D Concrete Printing.
AM Additive Manufacturing.

BIM Building Information Modeling.

CAD Computer Aided Design.
CAM Computer Aided Manufacturing.

CC Contour Crafting.

CCC Contour Crafting Construction.

CCE Conventional Construction Equipment.
CNC Computer Numerically Controlled.

DF Digital Fabrication.

DFC Digital Fabrication Concrete.
FEM Finite Element Method.

GGBFS Ground-Granulated Blast-Furnace Slag.
GP Geopolymers.

LE Layered Extrusion.

n-ZEB  nearly Zero-Energy Buildings.
OPC Ordinary Portland Cement.
POFA  Palm Oil Fuel Ash.

RCA Recycled Coarse Aggregate.
RHA Rice Husk Ash.

RM Rapid Manufacturinsg.

RPS Rapid Prototyping System.
RSD Relative Standard Deviation.

SCCs Self Compacting Concretes.
SDA Saw Dust Ash.
SFF Solid Freeform Fabrication.

TCT Triaxial Compressive Test.

UCE Unconventional Construction Equipment.
UUCT  Uniaxial Unconfined Compressive Test.

WEFS Waste Foundry Sand.






Chapter 1

Introduction

Digital fabrication techniques combined with suitable cementitious materials have successfully
led to the implementation of innovative manufacturing processes for concrete-like products.
Among the available techniques, significant advantages are expected in layered extrusion (LE)
concrete technology, such as the reduction in construction time and cost (for labor and form-
works), increase in worker safety, potential of freeform architectures, environmental benefits
due to the saving of material waste (especially with respect to formworks), and achievable
shape complexity. On the other hand, engineering challenges related to LE are several: larger
machines required, design and characterization of materials, implementation of reinforcement,
surface finishing, formation of cold joints, etc. Moreover, printed materials should satisfy spe-
cific rheological requirements in order to achieve an optimized balance between workability
and extrudability on the one hand — which would require reduced pumping forces — and the
need for buildability (i.e. ability to stacked concrete layers) on the other hand — which would
require an increased strength.

1.1 Motivation

In this perspective, design the pre-print phase consists in optimizing the concrete compatibil-
ity with the automated printing system; unfortunately, rheological properties of 3D printed
cementitious materials exhibit many dualities.

For instance, pumpability and extrudability require reduced yield stress and a relatively low
plastic viscosity, while such parameters should increase to improve the buildability. Another
duality lays in the building rate: on one hand, it should be fast enough to guarantee adequate
bond strength between layers and to maintain the construction rate viable; on the other hand,
it should be slow enough to provide sufficient buildability. Moreover, because of the absence of
a rigid mould, high strength and high stiffness are required: after the fresh material deposition,
each concrete layer must be able to carry the self-weight and the weight of the layers above
it. Therefore, an experimental investigation is necessary to define mechanical properties of
the material, in order to optimize the printing process and ensure the stability of the printed
element. Furthermore, as mechanical properties change in time, their strength and stiffness
are different for each deposited layer: this gap is higher as the time interval between individual
layers increases.

As a result, the need to define a standard procedure is indisputable: early age printable



2 1. Introduction

mortars have faster curing rate than classical casting concrete, affected by printability re-
quirements. Hence, in order to test the material referring to a specific resting time, the
experimental test must be carried out before the hardening occurs. Above we have quali-
tatively emphasized main challenges that need to be addressed in order to achieve a robust
3D concrete printing (3DCP) process and to determine minimum performance requirements.
Meeting these criteria requires a comprehensive knowledge on early age concrete, incorpo-
rating insight on microstructural changes occurring during cement hydration. Therefore, in
the present work the emphasis is posed on the evolution of strength and stiffness when the
fresh mix develops from deformable to the hardened state: the mechanical behavior of fresh
concrete is evaluated during the open and the layer-cycle time (within the range of 0 to 60
min after mixing, the typical duration of a 3D printing process).

1.2 Objectives

The aim of this work is to formulate a standard procedure in order to define mechanical prop-
erties of 3D printable cementitious material. To meet this demand, the following objectives
are pursued:

e to sum up chronological steps in digital fabrication with concrete, along with a critical
review of the available literature;

to highlight current potential and challenges of 3D concrete printing;

to define a 3D printable concrete mix;

to introduce current testing objectives;

to develop a standard procedure for uniaxial unconfined compression testing;

to provide an analytical failure predictive model,

to define a standard method for creep testing;

to provide a standard procedure for rheological testing.

1.3 Outline

This work is organized in three parts: (i) the first part introduces a critical review of the
literature, (ii) the second part summarizes the experimental campaign, (iii) the third part
provides future developments and work synopsis. The content of the individual chapters is
summarized in the following.

Part I: Concrete 3D printing - a critical review.

In Chapter 2, fundamentals of 3D concrete printing are outlined. The main purpose of this
chapter is to introduce historical facts occurred in succession, as well as the breakdown of
literature documents during the research. In Chapter 3, potential and challenges of the
method are highlighted, along with hints for promising environmental objectives.

Part II: Experimental exploration of 3D printable cementitious materials.

Chapter 4 starts with a review of adoptable raw materials for mix design purposes and con-
tinues with the definition of the adopted 3D printable concrete mix. Motivated by challenges
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of Chapter 3, the testing framework is discussed in Chapter 5 providing a list of performance
requirements and testing procedures for 3D printable concretes. To this end, the chapter starts
formalizing testing challenges to be addressed. The second part of the chapter describes the
testing campaign and provides an analytical failure predictive model.

Part III: Future developments: Circular Economy for a sustainable
environments.

In Chapter 6, the work introduces a novel research project aimed to develop a sustainable
digital manufacturing process, intended to suggest an innovative and environmentally viable
3D printable concrete. This work closes with concluding remarks in Chapter 7.
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Chapter 2

The origins

After water, concrete is the second most consumed material worldwide and undoubtedly the
most widespread construction material: on average, almost one ton of concrete is annually
manufactured per capita. Such popularity is due to peculiar concrete attributes, i.e., the abun-
dance of its constituent raw materials, the moderate relative cost and the natural tendency
to transform from fluid to harden state, its excellent mechanical and durability properties.
It follows that concrete represents de facto an engineered material and its applications are
manifold.

Normally, concrete is poured into formworks and subsequently vibrated to manufacture
structural and nonstructural components. Until the mid ‘90s, two alternatives had been
developed to remove the compaction process: self-compacting and sprayed concretes. Self-
compacting concretes (SCCs) were developed in 1988 in order to obtain more durable con-
crete structures, by means of limited aggregate content, low water-cement ratio and the use
of superplasticizer. However, even if SCCs were much less labor-intensive, self-compacting
concretes still needed the use of temporary formworks (which moreover could even be more
expensive because of the higher pressure exerted by the fluid concrete).

Sprayed concrete was another technique, developed in 1914 and designed to minimize voids
(by means of combined scale of aggregates), that utilized a support surface to eliminate or
reduce temporary formworks. The mortar was pneumatically projected and therefore it had
to be pumpable and sprayable. Nonetheless, as the shape of sprayed concrete components
remains unprecise, such approach was mainly used to reinforce tunnel linings and domes.

Concrete 3D printing is a novel construction technique for manufacturing concrete elements
without formworks, based on the nexus between concrete and digital fabrication. Indeed,
digital fabrication (DF) with concrete is emerging as a set of promising technologies, able
to efficiently and quickly create architectural elements, while at the same time contributing
towards advancements in construction cost management and sustainability. Focusing on the
layered extrusion manufacturing process, the moving head of an automated printing apparatus
typically extrudes a fresh and viscous cementitious mixture in the form of layers following a
digitalized path divided into several slices; each slice has a pre-defined thickness and it is
repetitively placed on the previous layer until the end of the process, which yields the final
concrete component. Engineering challenges originated by such digitalized manufacturing
process are manifold, and specific mechanical properties are required for concrete printing. In
the following, we propose a critical review beyond the origin of concrete 3D printing.
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2.1 1995-2000: the Selective Aggregation

The first work concerning additive manufacturing applied to the construction industry is
attributable to Joseph Pegna, 1995. Pegna [1, 2|, addressed the question "Can Solid Freeform
Fabrication (SFF) process deliver functional prototypes of meter size and above?". In detail,
he reported an experimental process by which an irregular sample structure was built, by
deposition and activation of reactive binders (Portland Cement) on a masked bed of powdered
matrix material (granular sand), incrementally building-up layers of the structure. The binder
was consequently activated by a catalyst (water steam). In this way, Pegna implemented the
proof of concept of Solid Freeform Fabrication for large (> lmeter) construction, highlighting
selective aggregation as the sole process liable to manufacture large-scale components. In Fig.
2.1 the process steps, the sample design and production are illustrated.
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Figure 2.1: Flow diagram of the selective deposition process, after [1].

In 1996, product manufacturing industry was experiencing two crucial challenges: (1) the
significant contraction of production time; and (2) the advancement on flexibility for fabricat-
ing modest product stocks and a variety of product typologies. Computer-aided design and
manufacturing (CAD and CAM) had considerably enhanced the traditional production route,
even if a consistent amount of obstacles remained unsolved (such as the fast development of
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3D models and cost-effective fabrication). Rapid prototyping systems (RPS) provided the op-
portunity to manufacture products rapidly and at lower costs respect to traditional methods.
Xue Yan et al. [3] collected and discussed cutting edge RPSs, each of them based on layer-
by-layer material deposition, by which other authors took inspiration for concrete 3d printing
applications, resulting in a paradigm shift from manufacturing technology. Just to mention,
Stereolithography (1986), Selective laser sintering (mid-1980s), Fused deposition modelling
(before mid-1990s), Laminated object manufacturing (before mid-1990s), Three-dimensional
printing (before mid-1990s) are typical examples.

A crucial paradigm inherent additive manufacturing processes was born, i.e., that a compo-
nent could be built by incremental addition of constitutive materials, a procedure that could
be easily integrated and automated [4]. As a result, manifold operations such as material
removal, processing and assembling could be reduced to a set of identical simple operations.
In the same way, large construction components could be substituted with a large amount
of elemental component. This is reported in Pegna [5], 1997, where an exploratory charac-
terization of the resulting material properties of sample masonry structures was performed.
Ultimately, the potential of solid freeform fabrication of large components was assessed.

In 1998 Pham et al. [6], presenting an overview of the different rapid prototyping processes,
divided those involving the addition of material and those involving its removal. Moreover,
another distinction could be made among liquid, discrete particles and solid sheets. For sake
of conciseness, we depict in Fig. 2.2 the suggested taxonomy.
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Figure 2.2: Classification of rapid prototyping methods, after [6].

As shown, construction automation and robotics brought much interest in the construction
community over the nineties; however, robots in construction were still in an exploratory
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stage. This aspect was clearly underlined by Warszawski et al. in [7], where a state-of-
the-art survey in robotic employment in building construction was performed. He turned
out that existing robots: (i) were not adjusted to the building sector; (ii) were difficult to
justify economically; (iii) were hampered by managerial barriers; (iv) were not compliant
with traditional buildings. Indeed, since the beginning of the twentieth century, automation
controlled almost all manufacturing sectors other than construction of civil structures, due to:
(a) inappropriateness of accessible digital production technologies for large scale components;
(b) traditional structural design rules not suitable for automation; (c¢) relatively inferior ratio
of quantity /type production compared with other industries; (d) narrow variety of materials
that could be utilized by an automated system; (e) expensive automated equipment.
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Figure 2.3: Breakdowns of robot applications, after [7].

As aresult, up to 1999 additive manufacturing techniques were based on selective aggregation
of powders relying on ad-hoc combination of blanket deposition, masks and manual hoppers.
A pointwise deposition of multi-material flow powder was still necessary to fully automate
the solid free-form fabrication technique. The Sand-Painter Project (Pegna et al. 1999
[8]), deriving from the ancestral art, dealt with powder handling, flow characterization, apt
to a multi-powder patterned deposition: the main objective of Pegna was accomplish an
experimental characterization of two-dimensional powder deposition appliance.
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2.2 2001-2006: the Contour Crafting

In 2001 Kolarevic [9] asserted that "In a process converse of milling, additive fabrication
(often referred to as layered manufacturing, solid freeform fabrication, or rapid prototyping)
involves incremental forming by adding material in a layer-by-layer fashion. The digital (solid)
model is sliced into two-dimensional layers; the information of each layer is then transferred to
the processing head of the manufacturing machine and the physical product is incrementally
generated in a layer-by-layer fashion. Because of the limited size of the objects that could be
produced, costly equipment, and lengthy production times, the additive fabrication processes
have a rather limited application in building design and production. In design, they are mainly
used for the fabrication of (massing) models with complex, curvilinear geometries. In con-
struction, they are used to produce components in series, such as steel elements in light truss
structures, by creating patterns that are then used in investment casting. Recently, however,
several experimental techniques based on sprayed concrete were introduced to manufacture
large-scale building components directly from digital data." The time was ripe for a new lay-
ered fabrication technology capable to fully employ computer controlled automation: starting
from a patented technique, Khoshnevis et al. [10] introduced the Contour Crafting (CC),
a new promising automation approach applicable to the fabrication of large structures.
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Figure 2.4: The Contour Crafting machine and 3D printed clay parts, after [10].
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Today, Contour Crafting is a computer controlled additive fabrication technique that com-
bines an extrusion phase (for reproducing the product surfaces) with a filling phase (to build
the product core). The extrusion phase composes the continuous object surface by constrain-
ing the extruded flow by the use of trowels: it exhibits a superior surface forming capability
by means of bladed trowels to create accurate free-form surfaces. Initially, Khoshnevis [10]
provided the process technology, testing spackling compound and clay to gain experimental
knowledge on the influence of manifold design parameters on the product quality (e.g., the
compressibility of clay, the trowel pressure and the extrusion rate). Most of layered fabrication
processes were limited by their incapability to deliver a wide variety of construction materials:
in 2002 [11], several fabrication materials were tested, including polymers and various types
of ceramics. The trial machine developed for ceramics was able to extrude a wide variety of
materials, including concrete.

Digital architectures were deeply changing methods of design and construction, by harmo-
nizing design, analysis, fabrication and assembly of structures around digital technologies:
construction by Contour Crafting (CCC) was a visionary integrated approach toward the
total automation of on-site construction, including automated modules for tiling, reinforce-
ment, painting, plumbing, achieved with mobile robotics (Khoshnevis 2003 [12]). Finally, in
2004 unique capabilities of Contour Crafting were demonstrated by manufacturing and testing
full-scale (> 1m) concrete wall sections (Dooil Hwang et al. [13]).

The procedure extruded the internal and external surface of the wall to form a perma-
nent formwork that was then filled with a bulk compound similar to concrete. By means of
thixotropic materials, along with rapid curing and low shrinkage properties, the wall layer
staking was made feasible. In that period, this approach was leading the automating con-
struction research field in terms of a demonstrated new process.

However, to succeed, Contour Crafting construction automation would require a paradigm
shift in technology. Even if CC had the potentiality to automatically build a single house, or a
colony of houses, along with their technical installations [14], evidences delayed. Indeed, while
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Figure 2.5: A concrete wall made by a CC machine, after [13].
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CC theoretically evolved up to design and consider developments for extraterrestrial proposals
(Lunar structures, Khoshnevis 2005 [15]), the manufacture of a whole terrestrial building
remained largely a manual practice. Although the CC approach was an interesting concept,
it still necessitated three different steps, i.e., moulding, reinforcing and placing concrete.

For the first time, considering the use of in situ resources, researchers moved to focus on
layer prototyping from the process [16, 17, 18, 19] to the material [20, 21] point of view.

2.3 2007-2011: the Freeform Construction

In 2007 Bushwell et al. [22, 23] argued that "In terms of technological development, con-
struction is decades behind other industries such as aerospace, automotive and ship building.
The fundamental principles of construction have not changed for hundreds of years; the Ro-
mans invented concrete about 100 BC and 2200 years later we are still using it as a primary
build material and (more or less) controlling placement with the human hand." As a result,
authors defined the new term Freeform Construction as: "Processes for integrated building
components which demonstrate added value, functionality and capabilities over and above tra-
ditional methods of construction." In detail, Freeform Construction was an emerging concept
whose potential was manufacturing full-scale construction components without formworks.
Three-dimensional (3D) elements were "sliced" and expressed as a set of two dimensional
layers, and then incrementally reassembled to build the desired 3D component. Controlling
the material permitted to build any desired shape [24, 25]. Developed from the 90’s, Rapid
Manufacturing (RM) was a family of layer-based processes: Freeform Construction wanted
to scale up these Rapid Manufacturing processes from fabricating ‘desktop’ sized objects to
architectural and construction applications, adopting new materials and processes. However,
RM processes could not simply be scaled up: there was a key interdependency among material
properties, process function, and design objectives that generated peculiar issues: (i) volume
of prints, limited by the machine size; (ii) printing speed, that was much slower than casting;
(iii) material constraints, all materials had natural variations in properties that might affect
the printed object; (iv) design and control of design; (v) resolution and precision [26].

As stated by Lim et al. [26], in 2009 the research and practice of Freeform Construction
was limited to three processes worldwide:

L

Figure 2.6: Contour Crafting, D-shape, and Concrete Printing examples, after [26, 27].
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e Contour Crafting (US);
e D-shape (Italy); and
e Concrete Printing (UK).

The D-shape process was presented at the Civils 2007 exhibition in November 2007. The
main concept of this method was based on the selective catalysis, i.e., was designed to manufac-
ture architectural artifacts by selective deposition, rapid transformation and than extracting
the catalysed object from the bed of un-catalysed material. The process was tested to fabricate
a material with properties similar to marble [27].

Concrete printing, born in Loughborough University in 2009, was based on the extrusion
process. Data preparation was similar to most Rapid Manufacturing techniques: from a 3D
CAD model, sliced layers were generated and saved as a G-Code format. These instructions
were delivered to computers that operated all the control commands governing the nozzle
position, the movement, the material flow, the extrusion rate, etc.
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Figure 2.7: Steps in Rapid Manufacturing processes, after [23].

Conveniences of this method were that the direct control on the extrusion diameter gave
the appropriated printing resolution, as well as the whole extrusion technique were validated
with various materials. The construction process was operated with the deposition of two
materials, one was the structural material and one the support material, which was deposited
to support overhanging sections and then removed after the construction was completed.
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Figure 2.8: Diagram of the material delivery and the refill process, after [26].



2.3. 2007-2011: the Freeform Construction

Today, this three techniques are similar in that they produce additively, however, they
have evolved for distinct applications and materials, resulting in different advantages and
disadvantages. Contour Crafting permits high-speed automated construction, depositing the
material to create a full-width component with the minimum use of material. In D-Shape
each layer has the wanted thickness, is compacted and once a component is completed, the
powder bed is removed. Concrete Printing has three-dimensional freedom with a smaller
deposition resolution, allowing greater control of geometries.
D-Shape need additional support to build overhangs: D-Shape, as a powder based process
adopts the unconsolidated material as a support; Concrete Printing uses a second material

Both Concrete Printing and

[28, 29, 30].
Concrala
Printing
aanec
Procags
ﬂhshape

Figure 2.9: Similarities between processes, after [30].
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2.4 2012-2018: 3D Concrete Printing improvements

2.4.1 2012-2015, the material: mix design and fresh-hardened
properties

Once the process was roughly defined, the development of a 3D printable concrete was pursued
to exploit the potential of this advanced method of construction. Systematic research programs
were presented to define optimum mix design proportions and their rheological requirements,
both in the hardened [31] and in the fresh [32] state, to guarantee a reliable process.

In 2012 Le et al. [31, 32] affirmed that four were the fresh properties to be controlled and
measured, namely extrudability, workability, open time and buildability.

The material needed to flow and to be extruded by means of a nozzle to produce concrete
filaments: such filaments should bond collectively to build each layer, as the fresh mortar
was progressively extruded. Le et al. evaluated extrudability by means of simple tests, i.e.
extruding 9 mm wide and 300 mm long filaments. Today, traditional techniques to test work-
ability comprise slump, compacting factor and flow tests; however, such tests do not measure
fundamental physical properties. Alternatively, a shear vane apparatus can characterize Bing-
ham fluid response in terms of shear strength and viscosity. Authors usually adopt shear vane
approach because it provides consistent scientific rheological parameters.

A preliminary definition of open time was "the time period in which the fresh concrete is
still reasonably workable" or "the time period in which the workability of fresh concrete was
at a level that maintained extrudability" [32, 33]. Moreover, concrete should have adequate
buildability properties to remain in position and to sustain further layers without collapsing.

In 2012, the first turning point occured, the amount of entities studying digital fabrication
in construction industry exploded: several tentative mixes were explored, investigating the
role of structural build-up properties of cement-based materials, i.e., studying the evolution of
the mechanical strength of such materials for 3D printing applications. The range of concrete
mix trials was broad, varying from Lunar on-site materials [34] to sustainable mix designs [35];
however, custom concrete mixes had recurring components and raw materials, as:

Portland cement;

cement replacers;

water;

siliceous aggregate with an optimised particle size distribution (< 4 mm);
limestone filler and/or precise additives (for ease of pumping);

rheology modifiers (for thixotropic behaviour);

polypropylene fibres (for plastic shrinkage cracking).

2.4.2 2015-2016, collateral processes

In this family of digital manufacturing methods, disparate alternatives were regularly devel-
oped and enhanced, including:

e Dynamic formwork systems;
e Form Filling.

Dynamic formwork systems were:
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e Smart Dynamic Casting;
while, the Form Filling was composed by:

e Custom single use formworks;
e Stay-in-place formworks.

For sake of brevity, we summarize such techniques as follows:

Smart Dynamic Casting: this technique was originated by the Slipforming method,
developed by Charles Haglin in 1899. In a single-step process, concrete was consecutively
poured in a robotically moving formwork, i.e., a robot controlled the formwork velocity and
movement. Physical properties of the material were monitored, while complicated geometries
were composed by correlating rheological properties, trajectories and the formwork geometry
[36].

Custom single use formworks: digital fabrication of high complexity formworks, gener-
ally manufactured by means of computer numerically controlled (CNC) mills, facilitated the
construction of customized concrete geometries with unique shapes [37].

Stay-in-place formworks: alternatively to CNC milling, this approach was more sustain-
able since digitally fabricated formworks could have supplementary applications. One example
is the Mesh Mould Metal technique invented in ETH Zurich: an industrial robot bended and
welded metal rods into a 3D mesh structure, which represented a porous formwork and rein-
forcement during the casting process [37].

Figure 2.11: Smart Dynamic Casting, Custom single use and Stay-in-place formworks, after
[37].
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2.4.3 2016, large-scale constructions and components

In 2016, the second turning point occured, the number of companies investing 3D concrete
printing boosted, making the linear development into a quasi-exponential one: innovative
projects were given on a regular basis. Some significant examples include [38, 39, 40, 41, 42]:

Two-storey house measuring 400 m?2, China (Beijing-based HuaShang Tengda,

3dprint.com);
Office building measuring 250 m?, Dubai (Chinese construction company Winsun,

Cnet.com);
Five-storey apartment building, China (Chinese construction company Winsun,
Cnet.com);
Hotel suite interior measuring 12.5 x 10.5 x 4 m, Philippines (Total Kustom, Totalkus-
tom.com);

Villa measuring 1100 m?, China (Chinese construction company Winsun, Cnet.com);
Children’s Castle, USA (Total Kustom, Totalkustom.com).

Series of 10 houses, China (Chinese construction company Winsun, Cnet.com);
Multifunctionnal structural wall, France (Gosselin et al. [40]);

Doubly-curved 4-part sandwich panel measuring 1.5 m x 1.5 m x 0.1m, UK (Lim et al.
[42].).

Figure 2.12: Examples of large-scale constructions, after [38, 39, 40, 42].
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2.4.4 2017-2018, process and material refinements

While companies gave their support to "make it works" in practice, up to 2017 only few studies
contributed to a primary understanding of needed concrete properties: an extensive research
and experimental campaign was still necessary. In detail, characterization of the early age
response of a printable cementitious mixture demanded a deeper investigation. The accepted
definition for workability as "a measure of ease by which fresh concrete can be placed and
compacted" [31, 32] was not precise enough: novel measures was needed for describing the
early age state of a 3D printable concrete [43]. As stated by Tay et al. [44], since 2016
"the two main research interests constituting 45% of the total interest recorded are Printing
Technique Analysis and Material Analysis".

When DFC was employed in structural applications, a recurring challenge was the demand
in ductility and flexural-tensile capacity. In 2017, Panda et al. [45] investigated the me-
chanical properties of 3D printable geopolymer with disparate fiber lengths and dosages. Ev-
idences from the experimental results demonstrated that fiber additions left almost unvaried
the compressive strength, but significantly enhanced the flexural and tensile toughness [46].
An altogether different approach was adopted by Bos et al. [47], consisting in an embedded
reinforcement cable integrated when filament left the print nozzle.

Another challenge was attaining a mixture with high shape stability in the fresh state:
Kazemian et al. [48] discussed an experimental program performed to investigate such
shape stability. Initially, protracted stoppage time between consequent layers was explored to
discover the impacts on the deformations of fresh printing concrete. Subsequently, heat was
applied to improve shape stability without cumulating any delay in the construction process.

In 2018, Bushwell et al. [49] affirmed that "The material is required to flow and extrude
through a nozzle, bond with the previous layer and maintain its shape under increasing hy-
drostatic pressure generated by subsequent layer deposition. Disturbances during printing,
caused by changes in the material or problems with the process, are detrimental to the success
of a build and can influence the performance of the component. These issues hamper the ro-
bustness of 3DCP, a critical milestone for commercial viability, of which rheological properties
of 3DCP materials are fundamentally important”. As a result, he discussed: (i) properties
of early age 3D printable materials, and (ii) hardened properties of 3D printable materials.
Bushwell divided fresh properties in:

open time, time during which a material remain printable (pumping and extrusion);
setting and layer cycle-time, time required to complete one layer (vertical building rate);
deformation of material under successive layers;

rheological measurements.

while, hardened properties in:

layer adhesion;

bulk density and under-filling;

tensile reinforcement;

shrinkage and durability;

measurements of hardened material properties.

correlating such properties with guidance values and providing a roadmap for material re-
search.
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A validated Finite Element Modelling (FEM) approach reproducing the printing process
was firstly introduced by Wolfs et al. [50], considering the experimentally extrapolated
time-dependent evolution of mechanical behaviour of early age concrete during printing.

i
5 10 15 20 25 0 35 40

Figure 2.13: Numerical modeling of the 3D printing process, after [50].
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Firstly, an appropriate material failure model was selected, i.e. between a Bingham fluid and
a proper solid. Subsequently, specific tests were performed deriving stress-strain curves from
geotechnical test methods of soils. The next step was developing the FE-model calibrated on
the previous tests. Finally, the 3D printing process was modeled and qualitatively validated.

Beside mechanical properties and their numerical simulation, another important issue was
to define rheological properties: for any category of flowable material, insights of rheology
support in optimizing processing and manufacturing good quality objects. For instance,
thixotropy (viscosity reduction when shear is applied), extrudability, shape retention, build-
ability, thixotropic open time and tensile bond strength were determined for different types of
mortar by Panda et al. [51, 52] and Paul et al. [53], by means of rheological tests.

We want to conclude this section with some final considerations, as stated by De Schut-
ter et al. [54] in late 2018: "Although several showcases of 3D printed concrete structures
are available worldwide, many challenges remain at the technical and processing level. The
range of printable construction materials is very limited at this moment. Currently available
high-performance and very durable cement-based materials cannot be directly processed in
a printing technique, because of inadequate rheological and stiffening properties. This holds
true also for concrete according to the existing design and construction codes. In future, ac-
tive rheology control (ARC), active stiffening control (ASC) and other novel approaches will
provide solutions of extending the material palette for 3D printing applications."

In Fig. 2.14 we depict the chronological trend of available publication output and research
origin over the years. It is possible to observe that, initially, the 3D printing process was
investigated; consequently, after 2012 the focus moved to the material definition. It is from
2016 onwards that publications have begun to boost at an exponential rate.
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Chapter 3

Potentials and challenges

Digital fabrication techniques combined with suitable cementitious materials have successfully
led to the implementation of innovative manufacturing processes for concrete-like products.
Even if a regularly increasing amount of researchers and enterprises focuses in this field, 3D
concrete printing is still in its infancy and the cumulative body of work is still limited [37].
As a result, we present a synthesis of primary potentials and challenges of 3DCP practical
large-scale applications, and we discuss expected progresses of 3DCP in general.

3.1 Potentials

In the European Union, the construction industry represents the 9.7% of the gross domes-
tic product and provides 6.6% of Europe’s total employment: however, nowadays developed
countries experience stagnation caused by various factors, such as the opposition in bringing
changes into a highly conservative sector, scarce industrialization of construction processes,
and significant grades of turnover, which makes it difficult to implement new methods [54]. As
a result, construction techniques remained unvaried during all along past decades. The princi-
pal revolutionary potential of digital fabrication is inherent to the Construction Industry 4.0,
as it suggests a logical evolution from the Computer Aided Design (CAD), making construc-
tion a fully automated process. It follows that, a contraction of building times and costs, as
well as advancements in construction quality, can considerably increment the productivity of
the sector. Digitalization of processes, from planning to construction, may potentially shorten
errors and support the management of the process itself. Building Information Management
(BIM) can supervise digital data from the design to production, maintenance, rehabilitation
and recycling. Digital fabrication may determine greater productivity and no additional costs
over conventional construction when complex components are fabricated.

Traditional cast in place concrete technique requires the use of formworks; such formworks
contribute to significant material, labor and machinery costs: according to [54], formworks
can represent from the 28% to half of the total concrete cost. Moreover, formworks increase
time delays and negative environmental impacts, particularly for complex structures. In case
of digital fabrication with concrete (DFC), control on the evolution of rheological properties
can lead to shape retention without any formwork, leading to a considerable cost reduction.
Additionally, DFC structure costs are predicted to be broadly complexity independent. The
four cost constituents of any construction method are: (i) labor, (ii) machinery, (iii) material
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and (iv) design [54]; with DFC is expected that labor costs will be considerably lower than
that of conventional construction.
Three principal sub-processes are identifiable in a DFC approach:

e a) pump material toward the printing head;
e b) locate the printing head;
e ) extrusion.

According to [54] machinery utilized for such sub-processes can be summarized in: uncon-
ventional construction equipment (UCE), and (adapted) conventional construction equipment
(CCE). For the sub-process (a) conventional construction equipment (as piston pumps) can
be used; for sub-process (¢) unconventional construction equipment (as printing head) is re-
quired. This is true if the printing head is adequately designed, equipped with sensors or
with multiple nozzles which implement various materials: these sophistications make print-
ing heads a substantial cost factor. On one hand, material costs for digital fabrication can
be lower than in case of traditional construction depending on topology optimization and on
contraction of wasted material. On the other hand, such costs can significantly increase due
to the use of expensive mix design with fine substance additions as nano-clay, nano-silica and
special chemical admixtures. Mixes employed for DFC are relatively complicated materials,
designed to achieve problem-free processing, high thixotropy, early strength, additionally to
other properties expected from the structural concrete [54]. As a result, the mixing process
should be characterized by precise dosing, intensive mixing and storage of ingredients accord-
ing to guidelines provided by material researchers and concrete technologists.

Design costs (which comprises 3D modelling, BIM etc.) are foreseen to steadily diminishing,
considering progresses in DFC: the potential cost contraction is more probable in case of
large-scale implementation (due to reuse of algorithms, digital data and data base).

Environmental potentials

Worldwide, the building sector is accountable for environmental impacts to the extent of 40%
of energy consumption, 40% of solid waste production, 38% of GHG emissions and 12% of
water depletion [55]. Growing concern in ecology and sustainability is encouraging innovations
in construction, in order to reduce the environmental impacts generated by conventional con-
struction. Particularly, digital fabrication processes have been correlated with cost-effective
production techniques that reduce the energy consumption, resource demands and C'Oy emis-
sions [56]. Moreover, 3D printing demonstrates an important potential in decreasing the
material usage by means of topology optimization and in generating non conventional geome-
tries without supporting structures. Enforcing structural optimization as well as functional
hybridization allows the material to be placed only where it is structurally or functionally
needed. Topology optimization adds shape complexity, but also decreases the employment
of material with digital fabrication. In AM technologies, as the material is added layer-by-
layer, optimized design may virtually lead to zero-waste manufacturing processes. AM has a
deep impact on manufacturing processes worldwide, allowing rapid, economic and customized
fabrication of parts, based on the idea of modularity and disassemblability of structures, too
difficult and expensive to produce with more standard construction procedures.
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3.2 Challenges

Albeit disparate trials of 3D printed concrete elements are available worldwide, several chal-
lenges persist both at the technical and the processing level. Principal challenges emerged can
be summarized as follows [37, 39, 54]:

Material selection;

Control of rheology and phase transition;

Material layering and development of “cold joints”;
Implementation of reinforcement;

Surface finishing.

One prevailing obstacle is the limited range of 3D printable material palette practical avail-
able. Contemporary showcases are produced with concrete mixes, developed more to be
capable to stack layers without premature collapses, rather than to guarantee acceptable
operability conditions. Indeed, inspecting the structural performance of hardened printed
concrete elements, poor properties can frequently be observed: for instance, the curing of 3D
printed components without formworks represents a technical challenge, since it can conduct
to shrinkage cracking. Although several research teams currently investigate on fresh material
properties, hardened mechanical and durability properties remain often inadequate. There-
fore, since traditional cement-based mortars can not be directly processed in a 3D printing
technique, the conversion of available high-performance cementitious materials to 3D print-
able materials remains a challenge (that entails specific normative implication). Moreover,
the accurate control of rheological characteristics and the physico-chemical composition of the
mix guarantee the appropriate structural buildup of the component. Variations in the cement
or aggregate type, as well as in the additive nature, may demand a new concrete mix design.

In layered extrusion of concrete components, the role of interfaces becomes substantial. In-
deed, between consequent layers an interface area arises, which properties depend on the time
elapsed between the extrusion of subsequent layers (cold joints). Even if modern guidelines
consider concrete as a homogeneous material, such weaker interfaces affect the overall mechan-
ical performance, the bond and the durability behavior, resulting de facto in an anisotropic
behavior. As a result, structural design needs new design models, new procedures for di-
mensioning structural elements and for estimate deformations, considering, for example, that
new reinforcement concepts have to be applied. Additionally, the traditional approaches of
cube/cylinder testing are no longer representative for 3D printed cementitious materials, since
samples cannot be manufactured in the classical way. Shortcomings in design guidelines and
testing protocols will delay progress of digital fabrication in concrete industry.

Another crucial challenge in additive manufacturing with concrete is the reinforcement in-
tegration. Even if an adequate solution are not available yet, several tentatives have been
investigated. The main opportunities emerged can be summarized as follows [54]:

e dispersing short steel or polymer fibers as dispersed reinforcement, shrinkage reducers
and early strength enhancers;

e extruding concrete around vertically placed steel reinforcement;

e automating free forming 3D printed steel reinforcement;

e installation of external reinforcement;
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e autonomous installation of reinforcing rods, dynamically located consequent to singular
filament extrusion.

These solutions are not yet completely developed nor validated at large scale: however, in
order to implement large-scale digital fabrication at industrial level, such challenges must be

addressed.
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Chapter 4

Mix Design

4.1 Introduction

Normally, concrete is arranged in formworks and then cured to construct building compo-
nents. To date, to overcome the compaction stage two alternatives have been proposed: self-
compacting and sprayed concretes [32]. 3D concrete printing is a novel additive manufacturing
process, capable to reproduce architectural elements without formworks: a digitally controlled
printing head extrudes the cementitious mixture in layers, building the structural component.
Related engineering challenges are manifold, since specific rheological properties are required.
In general, printability (i.e. the physical integrity of the element during printing) is defined
in [32, 49] by means of:

e Pumpability, is the capability to reach the printing head through the pumping system:;
e Extrudability, is the capacity to be extruded by the nozzle with a stable material flow;
e Buildability, is the capability to withstand the weight of consecutive layers.

Additionally, meet strength-base performance requirements generally means to increase the
cement amount: however, this increment will necessarily introduce shrinkage due to the heat
rise in cement hydration [56].

Although it is clear that the concrete rheology must be optimized in order to balance dif-
ferent needs, no relevant guidelines exist to define test methods, performance requirements
and acceptance criteria for the early age behavior of the printing concrete. Moreover, previ-
ous studies on 3D printed concrete exhibited that pre- and post-print properties are highly
dependent on raw material selection and early age printing material requirements [54, 57].

As a result, since the awareness in rheology improve flow-able material processing, the goal
of Part II is to conduct a concise and comprehensive review on raw materials, select an
appropriate compound and examine the mechanical behavior of fresh concrete (in the range
of 0 to 60 min after mixing), through a simple and systematic approach that provides an
exhaustive framework for performance-based laboratory testing. In detail, the time-dependent
evolution of concrete mechanical properties will be investigated by means of compressive,
creep and rheological tests, i.e., quantitatively associating a strength-based failure criterion to
compression strength and a deformation-based failure principle to creep (buildability), as well
as the workability (pumpability and extrudability) to rheological tests.
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4.2 Raw materials for concrete 3D printing

In order to achieve high performance materials and therefore to obtain an easy-flowing and
easy-extrudable mix, concrete must be accurately designed to meet critical criteria and en-
sure compatibility with the printing system. Hence, particular care should be paid in the
raw material selection, since such materials influence fresh and hardened properties of the
composite: for instance, increase the cement amount and reduce the water/binder ratio is a
standard procedure executed to meet target high-strength performances; however, this will
necessarily result into increased shrinkage. Therefore, cement can be partially replaced with
mineral constituents that feature cementitious properties and pozzolanic reactions, such as sil-
ica fume, fly ashes, blast furnace slag, fillers and nano-silica. Incorporation of such materials
lend mechanical benefits to the early age concrete, reducing porosity and improving fluidity,
dimensional stability, as well as durability properties (but detrimental to early age strength).
Considering that aggregates and coarse sand are not suitable to guarantee a flowable and
extrudable mixing, minerals are required, added in powder scale [58].

Accordingly, in the following we briefly summarize the principal dry constituents eligible as
partial replacement of Ordinary Portland Cement in 3D printing. We provide a compendium
of latest researches, therefore, for further details, the reader may refer to proposed references.

e Silica fume, derived from silicon metal and ferrosilicon alloy production, due to the
ultra-fine powder and to 85-90% silica content it contributes to give additional strength,
lower porosity, permeability and bleeding, reacting with the calcium hydroxide of Port-
land Cement [59].

e Fly ash, is a coal combustion by-product, generally in spherical shape and distincts in
two main typologies, class F and class C. The first one is produced burning anthracite
(Si09>70%), the second one burning lignite (CaO>15-30%). It provides significant me-
chanical benefits to concrete, including lower heat of hydration, strength and durability
performance [60], reducing the global cost of concrete production.

e Blast furnace slag, is a by-product of steel manufacturing industry. It can be used
as a partial replacement of cement (up to 40%) [61], giving higher compressive and
flexural strength, due to the high composition in silicates and aluminates, as well as to
its ultra-fineness.

e Limestone fillers, is obtained by the grinding of limestone. It contains high amounts
of calcium carbonate (CaCOj3) and permit to obtain a more compact structure by pore-
filling effect, improving the workability of concrete mixtures and increasing the early
strength. Economic benefits arise due to the possibility to develop similar strength with
lower cement [62].

e Nano-silica, consists in amorphous silicon dioxide with nanoscale particle size; due to its
notable surface area it provides the potential for strong reactivity, enhancing compressive
strength and durability, filling up pores and promoting cement hydration. It requires
more water resulting in less flowability [63].

Chemical additives can also be selected to modify the hydration of Portland cement, adjust-
ing the workability of the concrete mix in early age stages and thus influencing the rheological
properties of fresh mix. To satisfy the required workability, various additives are used. A brief
summary is outlined in the following.
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Figure 4.1: Particle size and specific surface area related of concrete components, after [58]

e Superplasticizer, reduces the water-to-binder ratio increasing the workability. It can
be classified in lignosulfonic acid (LS), melamine form-aldehyde sulfonic acid (SMF),
naphthalene formaldehyde sulfonic acid (SNF) and poly-carboxylic acid (CE). The water,
that is usually entrapped by cement particles (a), is released (c) thanks to the negatively
charged superplasticizer particles that procure repulsive forces among cement particles
(b) (Fig. 4.2, [58]). New generation SPs also work by means of steric repulsion concept

e Accelerator, is a category of additives normally adopted to shorten the setting time
of concrete, developing a rapid cement hydration and producing early stiffness-strength
evolution. It can be either alkaline or alkali-free [58].

e Retarder, delays the hydration of cement particles. It can be classified in Sodium
gluconate (SG), tartaric acid (TA) and citric acid (CA) [58].

e Viscosity modifying agent, is a polymer that adjusts the rheological performance of
concrete mortars, enhancing the dimensional stability. Due to the VMA polymer chains
that obstruct the free water movement, the compound plastic viscosity increases [58].
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Figure 4.2: Effect of superplasticizer on cement particles, after [58].
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4.3 Adopted mix design

The chosen mix design is optimized to meet performance requirements, both in fresh and
hardened concrete. Fresh printed materials should satisfy specific rheological requirements, in
order to achieve an optimized balance between workability and extrudability on the one hand
— which would require reduced pumping forces — and the need for buildability (i.e. ability
to stacked concrete layers) on the other hand — which would require an increased strength.
Hardened requirements are the compressive and flexural strengths of the material. Since an
opportune balance of all components has to be achieved to ensure the proper compatibility
between the process and the mix, several trials are performed in order to discover the optimum
amount of materials. Finally, we select sand with a maximum size of 2mm, in agreement
with the diameter of the nozzle (i.e. 25mm) and to guarantee a high printing resolution;
CEM type I 42.5N is adopted as binder (water-to-binder ratio w/b=0.35) and limestone fillers
(CaCOs3) is added as inert. Solid components are mixed for 60 seconds at low speed (140 rpm).
Subsequently, dry components are mixed with 25/0.18 mm length/diameter polypropylene
fibres to reduce shrinkage and deformation in the plastic state (140 rpm — 30 seconds). Next
water is added, mixing again for 60 seconds (140 rpm). Afterwards, different amounts of poly-
carboxylic (CE) superplasticizer are assumed to increase the workability (and thus allowing
to reduce the water-to-binder ratio), mixing for 120 seconds at high speed (285 rpm). In Fig.
4.3 we summarize the definitive mix design.
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Figure 4.3: Reference mix design.



33

Chapter 5

Experimental Programme

5.1 Test Challenges

The development and the validation of experimental frameworks for testing printing mixtures
presents manifold challenges. Although several studies have investigated the peculiar proper-
ties of printing mixtures, both in the hardened [31] and in the fresh [32] state, a complete list
of performance requirements and testing procedures has not been recommended yet. More-
over, to date, 3D printing processes are unstandardized, requiring expert robotic operators
and exceptional care in concrete mixing [54]. Indeed, unreliability of the process emerges from
the strict dependency on operational parameters, such as the generation of computing instruc-
tions (G-code), the appropriateness of materials (rheological properties) and hitches during
printing, parameters that may hamper the robustness of the process [37]. This work intends
to supply both a state-of-the-art review and an effective testing procedure, in order to iden-
tify a robust framework for performance-based laboratory testing able to address minimum
material performance requirements (qualitatively expressed by pumpability, extrudability and
buildability descriptors).
According to [49], we want to focus on the following crucial themes:

e Open time (that directly influences pumpability and extrudability);
e Setting and layer cycle-time (correlated to the buildability);
e Deformation under self-weight (correlated to the shape stability).

5.1.1 Open time

In 3D concrete printing the open time is defined as the printability window where a certain
amount of material can be pumped and extruded by the nozzle; this is correlated to the preser-
vation of the viscosity and the yield stress, and therefore to the onset of cement hydration.
Indeed, printable concretes behave as visco-plastic Bingham materials: they flow only when
subjected to stresses higher than the yield strength. Le et al. [32] obtained that the yield stress
range that prevent obstruction during pumping/extrusion is between 0.3 to 0.9 kPa. Thrane
et al. [64] focused on CEM I - Fly Ash and CEM I - and limestone filler compounds, showing
that a plastic viscosity and yield stress equal to (38.7 + 4.5) Pa.s - (0.59 &+ 0.08) kPa and (21.1
+ 2.4) Pa.s - (0.27 4+ 0.03) kPa, respectively, were appropriate for pumping/extrusion from
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the specific apparatus used by the authors. Therefore, an extensive experimental program is
designed to assess time-dependent rheological properties of the chosen mixture.

Liva Wadian High

e}

g
Shear g
W Flow onsat 2 E
B H
A
Shemar grain ) 2
w Flarstall VellonidTy Pa-a)

(a) (b)

Figure 5.1: Example of rheological functional diagrams, after [64].

5.1.2 Layer cycle time

The time required to deposit one layer is called layer cycle time: this affects the vertical
building rate, since it represents the time delay between overlapped fresh layers. Layer cycle
time is determined by the length of the extrusion and the printing speed, influencing both the
interlayer bond strength (cold joints) and the early age compressive strength (since hydration
of concrete is still evolving during overlaying) [37, 39]. As a result, the layer cycle time is
directly correlated with potential strength-based failures: on one hand, relatively small yield
stresses needed for pumping are juxtaposed with the demand in yield stresses to maintain
the layer geometry and to allow interlayer bond strength; on the other hand, as the printed
height rises, so does the hydrostatic compression experienced under self-weight, requiring an
increasing compressive strength in the fresh state (commonly called green strength) [65].

Figure 5.2: Different curing state in a 3D concrete printing process, after [39].
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This work aims to examine strength-base failures through the evolution of the compressive
strength, i.e., when the early age mixed mortar progressively evolves from plastic-deformable
to the hardened state. Therefore, the time-dependent compressive strength is explored by
means of uniaxial unconfined compression tests, while hints on interlayer bond strength are
deducted from rheological tests. Finally, a set of requirements for 3D printable mortars are
introduced to prevent strength-based failures.

5.1.3 Deformation under self-weight

The shape stability is the capacity to withstand deformations during the layer-by-layer print-
ing process, maintaining the filament geometry. Three are main sources of deformation when
a layer is deposited: the layer self-weight, the weight of higher layers (element self-weight)
and the extrusion pressure. The hydrostatic pressure increases with the built height, causing
incremental deformations: therefore, since commonly the height of the layer is kept constant
during printing, the distance between the nozzle and the working surface incrementally in-
creases. Moreover, each layer has a distinctive stiffness and strength, function of its age: this
potentially alters the shape stability and the adhesion to the previous layer; combining this
with printing imperfections, the staking is partially governed by the effective stiffness of over-
lapped layers [37]. As a result, the shape stability is directly correlated with deformation-based
failures. Accordingly, we investigate two buildup rate deformative problems: the instantaneous
compressive stability (related with the curing time) and the time-dependent early age creep.
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Figure 5.3: Buildability tests, after [49].

5.2 Testing procedures

In the previous section we have qualitatively emphasized the main challenges that need to be
addressed in order to achieve a robust 3D concrete printing process and to determine minimum
performance requirements. Meet these criteria means to grow a comprehensive knowledge on
the early age concrete, incorporating insight on microstructural changes occurring during
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cement hydration. Therefore, in the present work, the emphasis is posed on the evolution of
stiffness and strength when the fresh mix develops from the deformable to the hardened state:
the mechanical behavior of fresh concrete is evaluated during the open and the layer-cycle
time (within the range of 0 to 60 min after mixing, the typical duration of a 3D printing
process). In general, experimental tests on standard cast concrete cannot be executed until
the first setting has occurred. Consequently, to date, response results before initial setting are
sparse and scattered [41, 50]. As the mortar is in fresh state, even after the first setting it is
extremely challenging to extract specimens from their mold without affecting their integrity.

To overcome this issue, we design a plastic 3D printed openable mould (Fig. 5.4) by which
we can reproduce cylindrical specimens with good shape retention, even if concrete is in fresh
state: the measurement of the performances at early ages allows the development of these
performances to be monitored since the very beginning. Since a temporary mould is used, part
of gravity-induced stresses are sustained by this support through interface friction stresses, due
to adhesion to internal surfaces: sensitivity of experimental results to such interface friction
is investigated, equipping the mold with an internal nylon membrane (interposed between the
mold and the specimen) that actively reduce the interface friction (Fig. 5.4).

Furthermore, to increase workability and compensate low water-to-binder ratio, it is a com-
mon practice to add superplasticizer; however, quantities exceeding the optimum might con-
duct to unwanted flowability, affecting buildability. Therefore, another crucial outcome is to
give insight on the sensitivity of the applied superplasticizer amount to the early age stiffness
and strength development. All samples are tested at room temperature T~ 22°C.

As a result, 315 tests are executed, as summarized in the following.

Uniaxial unconfined Uniaxial unconfined Creep tests Rheological tests

compression tests (fresh) compression test (mature) p g
Age [min] 0, 15, 30, 60 40320 (28 days) 0, 15, 30, 60 0, 15, 30, 60
Superplasticizer [%)] 0.0, 0.1, 0.15 0.0, 0.1, 0.15 0.0,0.1,0.15 0.1,0.15
Number of samples per set 5 5 5 1
Membrane With & Without - With -
Buildup rate [steps] - - 1,2,3 -
Duration [sec] - - 300, 900 180
Shear rate [1/sec] - - - 1, 2.5, 5, 7.5, 10
Tot. number of samples 120 15 140 40

Table 5.1: Test matrix.

T =

(a) (b) ()

Figure 5.4: The 3D printed openable mould for concrete sample preparation.
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5.3 Uniaxial unconfined compression tests

5.3.1 Introduction

In order to obtain a comprehensive characterization of the early age constitutive behaviour of
3D printable concrete (i.e. the stress-strain curves), compressive tests should be performed
within a proper time-frame that ideally emulates the time delay between the material release
from the nozzle and the consequent printing step. Unfortunately, until now compressive tests
have no standard procedures for early age printable concrete samples. However, an appropriate
test framework is desired in order to enhance the knowledge about the mechanical behaviour
of printable concrete during the printing process. Considering the physical state of early age
printable mortars, possible testing standards may be adapted from those valid for soil or fresh
concrete; however, in some specific cases, these could be not applicable and require completely
new test methods. Nonetheless, key aspects that need to be addressed include representative
sample size, testing equipment, loading/displacement rate, specimen preparation in terms of
pouring procedure and material compaction, measurement devices, etc.

In the available literature, limited research has been carried out on early age compression
properties of 3D printable concrete [41, 43, 50] whereas many authors [53, 67, 68] have in-
vestigated the hardened state (with minimum test age of 24 hours) which, in practice, is not
useful to predict the mechanical performance of the structural element during the printing
process. With the aim of predicting buildability performances of cementitious printable mor-
tars, Perrot et al. [41] proposed a strength-based failure criterion based on the comparison
of the vertical stress acting on the first printed layer with the critical stress related to the
plastic deformation that is linked to the material yield stress. Such a model was validated
using squeeze flow tests performed on very early age concrete. In detail, in order to simulate
a layer-by-layer construction, authors loaded a cylindrical sample by applying 1.5 N load in-
crements (i.e. corresponding to the increasing weight of the layer-by-layer deposition). The
time elapsed between load increments was also varied to simulate different building rates (in
the range of 1 to 6.2 m/h). The experimental campaign was appropriate to detect the sample
failure; however, no stress-strain relationships were provided in the study.

Kazemian et al. [43] investigated shape stability (also called shape retention or "green'
strength) through two different test methods, namely "layer settlement test' and "cylinder
stability". These techniques evaluated the compression response of layered samples. Indeed,
in the cylinder stability test, a cylindrical sample with total height of 80 mm (composed by
two concrete layers of 40mm) was loaded with 5.5 kg (i.e. 4.77 kPa): any possible change
in the height as a result of self-weight and applied load was then measured and recorded for
different concrete mixtures. Hence, no stress-strain relationships were reported in this type of
test method.

By contrast, constitutive laws related to early age printable concrete material were provided
by Wolfs et al. [50, 69]. A customised triaxial compressive test (TCT) was carried out on
cylindrical concrete samples according to ASTM D2850. The samples were not compacted
during the preparation and then subjected to triaxial compression in displacement-controlled
conditions and at distinct concrete ages (i.e. 15, 30, 60 and 90 minutes). The displacement
rate of 15 mm/min (i.e. 30% strain/min) was fast enough to neglect effects of thixotropic
build-up/aging during individual tests. Results of TCT related to confining pressure equal to
zero can be compared with those of uniaxial unconfined compressive tests (UUCT) performed
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by same authors [50, 69]. In particular, UUC tests were carried out on cylindrical concrete
samples, with a diameter of d = 70 mm and height of h = 140 mm, designed according to ASTM
D2166 [69]. In this case, the preparation procedure was directed to obtain a homogeneous
sample and consisted in using steel cylindrical moulds lined with a thin sheet 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 tests, as well as the same displacement
rate of 42 mm/min, i.e. 30% strain/min, allowing for a proper comparison with the TCT in
terms of stress-strain relationships. The comparison of the two test results, UUCT and TCT,
highlighted discrepancies in terms of strength and stiffness values, probably associated with
the better compaction of the samples in the UUCT, which improved the concrete mechanical
proprieties. Indeed, the imperfection density is typically much larger in the case of fresh
concrete without compaction; moreover, the impact of such imperfections is generally amplified
for small size specimens (i.e. TCT).

From what above said, it appears that the need to define standard testing procedures is
indisputable. On one hand, establishing universal acceptance criteria for printable concrete
would require a large number of relevant studies to encompass the performance of different
printing mixtures used in digital fabrication projects. On the other hand, mechanical param-
eters (e.g. compressive stress-strain laws, stiffness, yield stress etc.) of the printable mortar
in the un-layered state represent the starting point for the implementation of any predictive
model, simulating the printing process itself and related mechanical phenomena. Following
this motivation, the present work aims to investigate the effects of compression test parameters
on the mechanical behaviour of a printable cementitious mortar; in particular, the following
aspects are considered:

e Material and sample preparation: during an automated printing process, it is possible
to experience variations in the compaction of the extruded material, due to random
changes in water content, different conditions of the stocked dry material, human errors,
etc. Furthermore, since the material is in an early age (or fresh) state when it comes out
from the printing nozzle, there are practical difficulties in simulating these conditions
during the laboratory specimen preparation (i.e. pouring, compaction and demoulding).

e Compressive test setup: to properly run the experiments, representative samples should
be subjected to compression load/displacement. Since printable cement-based materials
roughly behave as visco—plastic Bingham materials, their mechanical response is strongly
influenced by the loading rate, which could significantly affect the measured strength.

e Evolution in time of compression stress/strain: compressive strength and stiffness of
early age concrete inevitably changes during the printing process. Since early age me-
chanical properties evolve in time, during the printing process each layer behaves differ-
ently than other ones, especially for high value of the cycle-time (i.e. time required to
complete one build layer) [49].

In order to investigate these aspects, results of uniaxial compressive tests performed on a
printable cementitious material already used in [70] are compared with the results obtained
by varying: (i) the percentage of superplasticizer, (ii) the sample preparation procedure, (iii)
the displacement rate adopted during the test. Furthermore, compressive tests are carried out
at distinct concrete age of t = 0, 15, 30 and 60 minutes in order to define the evolution in
time of the constitutive stress-strain law.
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5.3.2 Material and methods

In this section we provide details of a reference 3D printable mix (already used in [70]). Results
of uniaxial compressive tests performed on this material, used as reference mix (REF), are
compared with results obtained by varying:

e material and sample preparation;
e displacement rate adopted during the test.

Furthermore, compressive tests are performed at distinct concrete age, t = 0, 15, 30 and 60
minutes, in order to define the time evolution of the stress-strain constitutive law.

5.3.2.1 Material

Printable cementitious mortars should be designed in order to meet specific performance re-
quirements, both in the fresh and in the hardened state. In early age, fresh materials should
satisfy specific rheological requisites in order to achieve an optimized balance among work-
ability, extrudability and buildability. In the hardened state, the structural performance is
correlated to strength and stiffness material proprieties.

The reference mix contains sand with a maximum size of 4mm, in agreement with the
diameter of the nozzle used in [70] (i.e. 25mm), CEM type I 42.5N and limestone fillers
(CaCOs3). A percentage value of 0.5% in cement weight of polypropylene fibres is also added
to the mixture to prevent plastic shrinkage cracking (in the early age stage and after the
deposition process). Nonetheless, since the viscosity of the printing material is affected by
the presence of fibres and by the water-to-binder ratio (i.e. w/c=0.35), the mix has to be
adjusted with polycarboxylate superplasticizer (0.10% by weight of cement) in order to achieve
an optimal rheological balance with respect to material pumpability. The reference mix is
named with the acronym SP0.10 (i.e. the percentage value of Super Plasticizer is equal to
0.10%) and its components are reported in Tab. 5.2. Starting from the reference mix we
consider superplasticizer variations in order to entail variations of material consistency during
the printing process; in particular, the following conditions are examined: (i) absence of
superplasticizer (i.e. 0.00% - SP0.00) and (ii) 0.15% of superplasticizer (i.e. SP0.15).

Fine aggregate Cement Water Limestone Filler Fibers SuperPlasticizer
[kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3] %o

REF-SP0.10 1456 497 174 101 1 0.10

Mixture ID

Table 5.2: Reference mix design.

5.3.2.2 Specimen preparation

Compression tests are performed on cylindrical samples, having the diameter (d) of 60mm and
the height (h) of 120mm: the geometry is chosen to exclude size effects due to particle size
distribution and to have h/d=2, i.e., to allow diagonal shear failure (this may also depends on
the friction between the specimen end faces). Initially, the fine aggregate, cement and filler are
mixed for 60 seconds at low speed (140 rpm). Subsequently, such dry components are mixed
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with polypropylene fibers (140 rpm — 30 seconds). Afterwards, water is added mixing again
for 60 seconds (140 rpm). Finally, poly-carboxylic superplasticizer (CE) is added gradually,
mixing for 120 seconds at high speed (285 rpm).

As aforementioned, experimental tests on standard cast concrete cannot be executed until
the first setting has occurred. However, layered extrusion technique is a process by which
subsequent fresh concrete layers are stacked on top of each other: as a result, the vertical stress
and strain due to compressive loads may potentially lead to strength- and deformation-based
failures of 3D printed layers. Even after the first setting, it is complex to extract specimens
from the mould without affecting their integrity. In order to overcome this issue, we design
a plastic 3D printed openable mould, by which we can reproduce cylindrical specimens with
good shape retention.

Since a temporary mould is used, part of gravity-induced stresses is sustained by this support
through interface adhesion: after the demoulding, the sample could be affected by residual
stresses and imperfection. Improvements in the sample preparation are achieved using an
internal nylon membrane (interposed between the mould and the specimen) that actively
reduce the interface friction (Fig. 5.4). After casting, the samples are demoulded and the
membrane is removed: in this way the curing takes place in the same condition both for
sample cast with membrane and sample cast without membrane. Hence, also the influence of
the specimen preparation is studied, by comparing results obtained with (M - Membrane) or
without (NM — No Membrane) the use of the membrane during casting.

Before testing, samples are demuolded and the membrane is removed in order to start cement
hydration.

5.3.2.3 Compressive tests

Specimens are tested in an electromechanical Universal Testing Machine, with 10kN capacity
in displacement-control condition at room temperature T= 22°C. Tests are performed up to
a vertical strain of 12%, i.e. 15 mm in displacement.

Since no physical measurement on the sample are considered feasible without altering the
specimen, stress and strain are deduced from force-displacement diagrams. In particular, the
stress is computed by dividing the recorded load for the cross-sectional area of the sample (i.e.
2826 mm?), whereas the strain is obtained by dividing the displacement of the loading head
for the initial height of the sample. The Young’s modulus is computed as secant modulus
from 0% to 2% of the strain. In order to achieve the evolution in time of the stress-strain law,
compressive tests are carried out at distinct concrete ages of t = 0, 15, 30 and 60 minutes
with displacement rate of 3mm/min (Displacement Rate — DR). Since mechanical properties
of cementitious materials are rate sensitive, compressive tests are performed, only for the
reference mix, together with a higher value of displacement rate (i.e. 30mm/min), in order to
compare the results.

5.3.2.4 Summary of tests

Uniaxial unconfined compressive tests are carried out, for five samples, by varying: (i) the
concrete age (i.e. t=0, 15, 30 and 60 minutes), (ii) the percentage of Superplasticizer (i.e.
0.00, 0.10 and 0.15% in weight of cement), (iii) the sample casting procedure (with or without
the membrane) and (iv) the displacement rate (i.e. 3mm/min and 30mm/min). In Tab.
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5.3 such variables are summarized. Each specimen set is identified by the acronym “SPxx-
yM-DRzz”, where “SPxx” represents the percentage of superplasticizer (SP0.00, SP0.10 and
SP0.15), “yM” indicates if the membrane is used during the casting (M and NM, respectively
if the nylon membrane is used or not) and “DRzz” is the value of displacement rate in mm/min
(DR3 or DR30). The reference test is indicated by the acronym “REF-SP0.10-M-DR3".

Variables Uniaxial unconfined compression tests

Acronym REF-SP0.10-M-DR3 SP0.00-M-DR3 SP0.15-M-DR3 SP0.00-NM-DR3 SP0.10-NM-DR3 SP0.10-M-DR30
1. Age [min] 0, 15, 30, 60 0, 15, 30, 60 0, 15, 30, 60 0, 15, 30, 60 0, 15, 30, 60 0, 15, 30, 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 [mm/min| 3.0 3.0 3.0 3.0 3.0 30.0
Samples per set 5 5 5 5 5 5

Tot. samples 20 20 20 20 20 20

Table 5.3: Test matrix.

Inrairsntal incraTantal ez mianial Incramantal
load load laad icad

Laad cell
| . — Loading plate

Samphe

(a) (b)

Figure 5.6: Sketch of uniaxial unconfined compression test.

5.3.2.5 Analytical model

Since the material is in the early age state, which implies low resistance and stiffness values,
during printing stability checks of the structural element are necessary, including;:

e A compression check;
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o A self-buckling check.

The structural performance of early age material strictly depends on the temporal evolution
of some mechanical parameters; therefore, an experimental characterization is necessary. In
the following section, uniaxial compressive test results for (different concrete age) are shown,
by varying the percentage of superplasticizer (i.e. 0, 0.1, 0.15% in cement weight), the casting
condition (with or without a nylon membrane interposed between the sample and the mould)
and the displacement rate (low and high rate, i.e. 3mm/min or 30mm/min).

The obtained constitutive laws o — €, carried out for different concrete age, provide the
temporal evolution of the strength o ;.. (t) and Young’s Modulus E(t). Such laws are obtained
through a linear regression of data, related to each tested sample. Starting from o ;.. (t) and
E(t), an analytical model is developed to predict the compressive failure, at the first layer,
and the self-buckling failure of the printed element, due to its own weight during the printing
process. The hypothesis of instantaneous deposition of each layer is made. The time elapsed
between the deposition of a layer and the subsequent (i.e. the cycle-time) depends on the
layer height and the building rate, as follows:

h ayer
Torint = };}’% (5.1)

The success of the printing process is strongly correlated to the building rate B [mm/min],
being fundamental the time variation between consecutive layers [41]. The maximum number
of layers which could be stacked before the collapse due to the compression of the first layer,
can be obtained by comparing the vertical stress in the first layer oy and the developed
strength o maq:

Compression failure : oy (t) = H(t)pg < 0cmax(t) (5.2)

where H is the total height of the printed element, p is the material density and o ;.. (t) is
the linear law obtained from experimental data.

The elastic self-buckling failure check is determined according to the Greenhill’s equation
(1981); a free-standing vertical column buckles under its own weight if its height exceeds the
following critical value:

E(t)Lnin

H..;;(t) = (7.8373

)/ (5.3)

where E(t) is the law of the elastic modulus, I,,;, is the minimum moment of inertia (de-
pending to the shape of the printed element), A is the horizontal cross-sectional area and p is
the density of the material. Considering the simple geometry of a wall, especially by referring
to its linear meter, the previous expression becomes:

) A E(t)5% 1/
H.(t) =~ (0.65 o0 ) (5.4)
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being the minimum moment of inertia equal to I,,;, = 63/12 and cross-section area A = 4.
The self-buckling failure could be approximately predicted by comparing the printed element
height to the critical height (according to Greenhill’s equation). Though, the stability check is
currently made [57] by the comparison between the elastic modulus obtained experimentally
and its critical value E..; (t):

H3(t)pg

Self-Buckling failure : E(t) < E..;(t) ~ 0.65 5

(5.5)

Expressions 5.2 and 5.5 are used in the following section to predict the compressive and self-
buckling failure, adopting results obtained from each examined testing condition (see summary
of the test matrix — Tab. 5.3). In this way it is possible to study the influence of a specific
testing procedure on the prediction of the structural performance of the element during the
printing process.

5.3.3 Results

Experimental testing results are reported in this section in terms of force-displacement and
stress-strain curves for each concrete age examined. In particular, the data are grouped and
compared in order to study the influence of: (i) the concrete age, (ii) the material and sample
preparation and (iii) the displacement rate. In the following stress-strain charts, the curve
related to each sample is reported in grey, whereas the average curve is black. Due to the
imperfect flatness of the top surface of samples, the force of the loading cell begins to stabilize
around 5N; so does the stress-strain curves, starting from 2kPa (i.e. 2kPa is the stress at 0%
of strain). Results condensed in the following pages are structured in this way: the force-
displacement and stress-strain curve related to the reference mix are reported and compared
for each value of the curing time; then the influence of the material consistency and sample
preparation is investigated. Finally the results achieved with different displacement rate are
compared.

5.3.3.1 Influence of age

Experimental force-displacement curves are converted into stress-strain curves: the comparison
between stress-strain average curves - related to distinct concrete ages - is reported in Fig.
5.10. It is possible to observe that, as the resting time increases, there is a transition from
plastic to brittle behaviour, in addition to an increase in strength and stiffness. After an initial
linear-elastic behaviour (the strain limit of the elastic range is approximately 2%), the stress
reaches a peak value (i.e., the compressive strength o, ,q,) and then decreases again along the
softening branch. The average compressive strength is equal to 8kPa at 0 minutes and grows
until 22kPa at 60 minutes. Curves increase roughly linearly in the elastic range; after this
initial range, the force decreases as the vertical strain increases (softening). The second branch
of force-displacement curves reveals that softening is more evident for older specimens (i.e.
t= 30 and 60 min) respect to younger ones (i.e. t= 0 and 15 min). This difference depends
to lateral deformations: since fresh concrete is more fluid, lateral deformation are hampered
by a relatively low stiffness (that increase with curing time), failing by bulging. By contrast,
older samples expand less, having a more definite failure plane evolution.
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Figure 5.7: Compression tests, 0.1% plasticizer with membrane. Average and individual results
at different time - (a) 0 minutes, (b) 15 minutes, (¢) 30 minutes, (d) 60 minutes.

Membrane - 0.1% SuperPlasticizer

801 80
Avg.t =0 min
70r . 70r
Avg.t =15 min
60 - —Avg.t =30 min 60
—Avg.t =60 min

a

S

o

=}
T

Force [N]
Force [N]

I |

30 30 T l

20 20 - l

10 10F

0 . . ! 0

0 5 10 15 0 15 30 60
Displacement [mm] Time [min]
(a) (b)

Figure 5.8: Compression tests, 0.1% plasticizer with membrane. Average comparisons at
different time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with
standard deviation.
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Figure 5.9: Compression tests, 0.1% plasticizer with membrane. Average and individual results
at different time - (a) 0 minutes, (b) 15 minutes, (¢) 30 minutes, (d) 60 minutes.
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Figure 5.10: Compression tests, 0.1% plasticizer with membrane. Average comparisons at
different time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with

standard deviation.
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5.3.3.2 Influence of the material

During the sample preparation, the absence of superplasticizer (i.e. SP0.00) results in a
workability loss, and related samples are characterized by more imperfections and voids. By
contrast, an increment of superplasticizer (i.e. SP0.15), compared to the reference mix, leads
to an excessive fluidity of the material, resulting in particle segregation. In Fig. 5.11 stress-
strain average curves of the reference mix (a) are compared with average curves obtained with
0.00% (b) and 0.15% (c) of superplasticizer: in both cases there is a decrement of compressive
strength. In Fig. 5.24, the average value of compressive strength is reported in function of
time and percentage of superplasticizer: 0.00% of SP or 0.15% of SP provide lower values
of compressive strength (at t=0 the compressive strength is 8kPa for the reference mix, and
its value drops around 5kPa both for SP0.00 and SP0.015) and higher values of relative
standard deviation (RSD). At t=0 the RSD is 21.73% for the reference mix, whereas its value
grows to 44.86% and 40.42% for 0.00% and 0.15% of SP, respectively. A summary of average
compressive strength and Young’s modulus values are reported in Tabs. 5.4-5.6.
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Figure 5.11: Effect of printing conditions, average stress-strain curves: (a) REF-SP0.10-M-
DR3, (b) SP0.00-M-DR3 & (c¢) SP0.15-M-DRS3.
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Figure 5.12: Compression tests, 0.1% plasticizer with membrane. Average and individual
results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes.
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Figure 5.13: Compression tests, 0.1% plasticizer with membrane. Average comparisons at
different time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with

standard deviation.
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Figure 5.14: Compression tests, 0.0% plasticizer with membrane. Average and individual
results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes.
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Figure 5.15: Compression tests, 0.0% plasticizer with membrane. Average comparisons at
different time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with
standard deviation.
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Figure 5.16: Compression tests, 0.15% plasticizer with membrane. Average and individual
results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes.
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Figure 5.17: Compression tests, 0.15% plasticizer with membrane. Average comparisons at
different time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with
standard deviation.
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Figure 5.18: Compression tests, 0.1% plasticizer with membrane. Average and individual
results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes.
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Figure 5.19: Compression tests, 0.1% plasticizer with membrane. Average comparisons at
different time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with
standard deviation.
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Figure 5.20: Compression tests, 0.0% plasticizer with membrane. Average and individual
results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes.

Membrane - 0.0% SuperPlasticizer

251

251

Avg.t =0 min
ol Avg.t = 15 min ol
—Avg.t =30 min
i~ —Avg.t=60min| T
%, 15 %' 15+
2 2
L g w0t
n n
I
5 5F I l
0 . . . . . ! 0
0 2 4 6 8 10 12 0 15 30 60
Strain [%] Time [min]
(a) (b)

Figure 5.21: Compression tests, 0.0% plasticizer with membrane. Average comparisons at
different time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with
standard deviation.
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Figure 5.22: Compression tests, 0.15% plasticizer with membrane. Average and individual
results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes.

Membrane - 0.15% SuperPlasticizer

251
Avg.t =0 min
2ol Avg.t = 15 min
—Avg.t =30 min
T —Avg.t = 60 min
é 15+
[}
0
g w0}
n
st
0 . . . . .
0 2 4 6 8 10

Strain [%)]

(a)

15 30 60
Time [min]

(b)

Figure 5.23: Compression tests, 0.15% plasticizer with membrane. Average comparisons at
different time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with
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Figure 5.24: Effect of printing conditions, peaks with standard deviation.

Force [N]
« 5 & 8 ] 8

(S}

Force [N]

w
o

B REF-SP0.10-M-DR3
- | SP0.00-M-DR3
[ ]sP0.15-M-DR3

N
(&

n
o
T

[
o
T

Compressive Strength [kPa]

0 15

IS
o
1

Force [N]

w
o
T

w
=)
T

N
a
T

30 60
Time [min]

i
o
T

e
o
T

3
T

o

0.0 0.1 0.15
SuperPlasticizer [%]

(a)

©
=}
1

~
=)
T

@
=}
T

o
=}
T

Force [N]

i
o
T

o

0.0 0.1 0.15
SuperPlasticizer [%]

(b)

0.0 0.1 0.15
SuperPlasticizer [%]

(c)

0.0 0.1 0.15
SuperPlasticizer [%]

()
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Concrete Age

Compressive Strength 0 min 15 min 30 min 60 min
REF-SP0.10-M-DR3 8.32 kPa 10.81 kPa 13.75 kPa 21.69 kPa
SP0.00-M-DR3 5.03 kPa 6.05 kPa 9.47 kPa 19.08 kPa
SP0.15-M-DR3 5.30 kPa 8.82 kPa 10.42 kPa  14.90 kPa

Table 5.4: Effect of printing conditions, peak stress at different concrete ages.

Concrete Age

Young’s Modulus 0 min 15 min 30 min 60 min
REF-SP0.10-M-DR3 210 kPa 252 kPa 430 kPa 607 kPa
SP0.00-M-DR3 116 kPa 164 kPa 320 kPa 600 kPa
SP0.15-M-DR3 137 kPa 212 kPa 358 kPa 510 kPa

Table 5.5: Effect of printing conditions, Young’s Modulus at different concrete ages.

Concrete Age

Relative Standard Deviation 0 min 15 min 30 min 60 min

REF-SP0.10-M-DR3 21.73 % 16.90 % 19.11 % 19.12 %
SP0.00-M-DR3 44.86 %  30.03 % 2857 %  30.54 %
SP0.15-M-DR3 4042 % 2364 % 2023 % 2920 %

Table 5.6: Effect of printing conditions, relative standard deviation at different concrete ages.

(c)
Figure 5.26: Samples prepared with different percentage of superplasticizer: (a) REF-SP0.10-

M-DR3, (b) SP0.00-M-DR3 & (c) SP0.15-M-DRS3 .
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5.3.3.3 Influence of sample preparation

As mentioned above, also the effect of casting procedures is investigated. Indeed, the influence
of the membrane emerges by comparing curves in Fig. 5.27. On one hand, it is evident that
the combination of 0.1% superplasticizer amount with the membrane leads to the highest
stiffness and strength values, with the lowest relative standard deviation among results. On
the other hand, results without membrane present the lowest strength and stiffness (3.54 kPa
— 68 kPa); furthermore, such results are the most inaccurate with a maximum of 49.06% and
35.37% as relative standard deviation, respectively for 0.0 and 0.1% superplasticizer amounts.
These results are probably due to the adhesion between the 3D printed plastic mould and
the fresh concrete specimen: as aforementioned, when the mould is open, part of gravity-
induced stresses moves from the mould to the specimen as tangential stresses, causing an
initial deterioration of the specimen itself. Hence, if the casting occurs without membrane,
the demoulding phase can alter the specimen and a residual stress state can arise in the
material.
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Figure 5.27: Effect of specimen preparation, average stress-strain curves: (a) REF-SP0.10-M-
DR3, (b) SP0.10-M-DR3, (¢) SP0.00-M-DR3 & (d) SP0.00-NM-DRS3.
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Figure 5.28: Compression tests, 0.1% plasticizer with membrane. Average and individual
results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes.
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Figure 5.29: Compression tests, 0.1% plasticizer with membrane. Average comparisons at
different time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with
standard deviation.
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Figure 5.30: Compression tests, 0.1% plasticizer without membrane. Average and individual
results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes.
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Figure 5.31: Compression tests, 0.1% plasticizer without membrane. Average comparisons at
different time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with
standard deviation.
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Figure 5.32: Compression tests, 0.0% plasticizer with membrane. Average and individual
results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes.
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Figure 5.33: Compression tests, 0.0% plasticizer with membrane. Average comparisons at
different time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with
standard deviation.
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Figure 5.34: Compression tests, 0.0% plasticizer without membrane. Average and individual
results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes.
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Figure 5.35: Compression tests, 0.0% plasticizer without membrane. Average comparisons at
different time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with
standard deviation.
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Figure 5.36: Compression tests, 0.1% plasticizer with membrane. Average and individual
results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes.
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Figure 5.37: Compression tests, 0.1% plasticizer with membrane. Average comparisons at
different time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with
standard deviation.
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Figure 5.38: Compression tests, 0.1% plasticizer without membrane. Average and individual
results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes.
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Figure 5.40: Compression tests, 0.0% plasticizer with membrane. Average and individual
results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes.

Stress [kPa]

25

20

Membrane - 0.0% SuperPlasticizer

Avg.t =0 min

Avg.t = 15 min
—Avg.t =30 min
—Avg.t =60 min

25

20

Strain [%)]

(a)

|
|
Time [min]

(b)

Figure 5.41: Compression tests, 0.0% plasticizer with membrane. Average comparisons at
different time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with
standard deviation.



5.3. Uniaxial unconfined compression tests 63

301 301
t=0min t=15 min
251 — Average 251 — Average

Stress [kPa]
Stress [kPa]

i

o

=

o
T

0 L L L L L ) 0 L L L L L )

Strain [%] Strain [%]
(a) (b)

t =30 min t =60 min
251 — Average 25+ —Average

Stress [kPa]
Stress [kPa]

i
o

20

151

10

0 1 1 1 1 ] 0 1 1 1 1 1 ]
0 2 4 6 8 10 12 0 2 4 6 8 10 12

Strain [%] Strain [%]

(c) (d)

Figure 5.42: Compression tests, 0.0% plasticizer without membrane. Average and individual
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Concrete Age

Compressive Strength 0 min 15 min 30 min 60 min
REF-SP0.10-M-DR3 8.32 kPa 10.81 kPa 13.75 kPa 21.69 kPa
SP0.00-M-DR3 5.02 kPa 6.05 kPa 9.46 kPa 19.08 kPa
SP0.00-NM-DR3 3.72 kPa 5.90 kPa 7.29 kPa 8.90 kPa
SP0.10-NM-DR3 3.54 kPa 4.25 kPa 4.53 kPa 5.81 kPa

Table 5.7: Effect of specimen preparation, peak stress at different concrete ages.

Concrete Age

Young’s Modulus 0 min 15 min 30 min 60 min
REF-SP0.10-M-DR3 210 kPa 252 kPa 430 kPa 607 kPa
SP0.00-M-DR3 116 kPa 164 kPa 320 kPa 600 kPa
SP0.00-NM-DR3 88 kPa 182 kPa 212 kPa 305 kPa
SP0.10-NM-DR3 68 kPa 94 kPa 95 kPa 124 kPa

Table 5.8: Effect of specimen preparation, Young’s Modulus at different concrete ages.

Concrete Age

Relative Standard Deviation 0 min 15 min 30 min 60 min

REF-SP0.10-M-DR3 21.73 % 16.90 % 19.11 % 19.12 %
SP0.00-M-DR3 44.86 %  30.03 % 2857 %  30.54 %
SP0.00-NM-DR3 48.15 % 4034 %  33.14 % 49-06 %
SP0.10-NM-DR3 2191 % 2639 % 2827% 3537 %

Table 5.9: Effect of specimen preparation, relative standard deviation at concrete ages.



5.3. Uniaxial unconfined compression tests 65

5.3.3.4 Influence of the displacement rate

Stress-strain curves reported in Fig. 5.45 are obtained with two different value of displacement
rate, i.e., 3mm/min and 30mm/min. As expected, the compressive strength grows with the
strain rate, especially when the material is more brittle. Indeed, at t=60 minutes, the compres-
sive strength is equal to 22kPa with 3mm/min of displacement rate, whereas its value grows
until to 33kPa with 30mm/min. Therefore, there is a percentage grows of about 53% in terms
of compressive strength (at 60 minutes). However, although a higher strain-rate has beneficial
effects in terms of compressive strength, the experimental data seem to be less reliable: DR30
results show higher values of relative standard deviation (see Tab. 5.12). The elastic modulus
seems to be no sensitive to the strain rate: the difference in elastic modulus related to REF-
SP0.10-M-DR3 and SP0.10-M-DR30 is contained in the range of the experimental scatter (see
Tab. 5.11).
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Figure 5.45: Effect of displacement rate, average stress-strain curves: (a) REF-SP0.10-M-DR3
& (b) SP0.10-M-DR30.
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Figure 5.47: Compression tests, 0.1% plasticizer with membrane. Average and individual
results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes.
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Figure 5.48: Compression tests, 0.1% plasticizer with membrane. Average comparisons at
different time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with
standard deviation.



5.3. Uniaxial unconfined compression tests

67

80 80
t=0min t=15 min
70 70
— Average — Average
60 60 -
'E‘ 50 E‘ 50
8 a0 s
S S}
LL 30 LL 30+
20 20
10 0
o ‘ ‘ ‘ o ‘ ‘ ‘
0 5 10 15 0 5 10 15
Displacement [mm] Displacement [mm]
(a) (b)
140 140
t =30 min t =60 min
1207 — Average 120 — Average
100
s £
(] (O]
o =
o 6or o
L I
40 -
201
o ‘ ‘ ‘ o ‘ ‘ ‘
0 5 10 15 0 5 10 15
Displacement [mm)] Displacement [mm]
(c) (d)

Figure 5.49: Compression tests, 0.1% plasticizer with membrane, DR 30mm/min. Average
and individual results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60

minutes.

Membrane - 0.1% SuperPlasticizer - 30mm/mir
140

Avg.t = 0 min
Avg.t = 15 min
——Avg.t =30 min
—Avg.t =60 min

120

100 1

80

60

Force [N]

40 -

20 -

0 L L

Force [N]

120

100

80

60 -

0 5 10
Displacement [mm]

(a)

40F - T
I I
2
0
0 15 30 60
Time [min]

(b)
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(b) peaks with standard deviation.



68

5. Experimental Programme

30

25

Stress [kPa]

[
15}

30

25

Stress [kPa]

=
15}

301

t=0min t=15 min

r — Average 25F — Average
L 'E‘ 20+

o

=
L 0 15|

0

g
L D 10
/\ sk
0 2 4 6 8 10 12 0 6 8 10 12

Strain [%] Strain [%]
(a) (b)
. 20
t =30 min t =60 min

r — Average 25 — Average
3 '@ 20

o

=
r n 15

0

e
. M 10
r 5
0 2 4 6 8 10 12 0 6 8 10 12

Strain [%)] Strain [%]
(c) (d)

Figure 5.51: Compression tests, 0.1% plasticizer with membrane. Average and individual
results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes.
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Figure 5.53: Compression tests, 0.1% plasticizer with membrane, DR 30mm/min. Average
and individual results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60
minutes.
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Concrete Age

Compressive Strength 0 min 15 min 30 min 60 min
REF-SP0.10-M-DR3 8.32 kPa 10.81 kPa 13.75 kPa 21.69 kPa
SP0.10-M-DR30 10.76 kPa 11.55 kPa 23.88 kPa 33.25 kPa

Table 5.10: Effect of displacement rate, peak stress at different concrete ages.

Concrete Age

Young’s Modulus 0 min 15 min 30 min 60 min
REF-SP0.10-M-DR3 210 kPa 252 kPa 430 kPa 607 kPa
SP0.10-M-DR30 212 kPa 256 kPa 488 kPa 763 kPa

Table 5.11: Effect of displacement rate, Young’s Modulus at different concrete ages.

Concrete Age

Relative Standard Deviation 0 min 15 min 30 min 60 min
REF-SP0.10-M-DR3 21.73 % 16.90 % 19.11 % 19.12 %
SP0.10-M-DR30 21.87 % 31.95% 39.73% 31.35%

Table 5.12: Effect of displacement rate, relative standard deviation at different concrete ages.

5.3.4 Discussion

In this section, the temporal evolution of the compressive strength o .. (t) and stiffness E.
(t) are reported for each specimen set, in order to more accurately investigate the influence
of specific testing procedures on mechanical properties. In detail, compressive strength and
stiffness laws (as function of concrete age) are obtained through a linear regression of experi-
mental data, related to each tested sample. The experimental data are grouped and compared
as a function of concrete age in order to study the influence of the material, the sample prepa-
ration and the displacement rate on mechanical properties. In detail, the comparison is made
by studying the influence of percentage of superplasticizer (see Fig. 5.56), the use of the
membrane during casting (see Fig. 5.57 and Fig. 5.58 respectively for 0.00% of SP and 0.10%
of SP) and the displacement rate (see Fig. 5.59).

In Fig. 5.55 we report linear fit laws of compressive strength and Young’s Modulus related
to the reference mix (i.e. SP0.10-M-DR3).

Temas(t) = 0.23t +8.2[kPa]  :  E.(t) =Tt + 190[kPa] (5.6)

Fig. 5.56 shows that the mix with low or with high percentage value of superplasticizer (i.e.
SP0.00-M-DR3 and SP0.15-M-DR3, respectively) provides worse mechanical performance, es-
pecially in terms of compressive strength. In Fig. 5.57 and Fig. 5.58 the influence of membrane
is shown for SP0.00 and SP0.10, respectively. If the demoulding phase takes place without
the membrane, the sample is strongly altered. Such effect is more evident for the mix with
0.1% of SP, in which the specimen appears homogeneous after the casting and the only
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source of disturbance is due to the demoulding. Indeed, when the sample is prepared with
0% of SP there are more voids inside it than that with 0.1% of SP, and the demoulding
disturbance appears lower. Furthermore, by observing Fig. 5.57 and Fig. 5.58, the influence
of the membrane is more evident as concrete age increases; indeed, as the concrete hardened
over time, geometrical imperfections and voids, which increase in the absence of the nylon
membrane, are potentially detrimental for strength development, especially when the material
became more brittle. Finally, the comparison between tests carried out at distinct values of
displacement rate (i.e. 3mm/min and 30mm/min) is reported in Fig. 5.59. An improvement
of mechanical properties is recorded when the test is carried out at higher displacement rate,
especially in terms of compressive strength. Indeed, mechanical properties of cementitious
materials in the hardened state are known to be rate sensitive, based on three prevalent
hypotheses in literature [71]: (i) the Stefan effect, which links the rate sensitivity to the
presence of viscous pore fluid inside the cementitious material; (ii) the rate sensitivity of
crack propagation, which can alter the fracture mechanism, attenuate crack velocity, and
cause preferential cracking through regions of higher strength;(iii) inertial effects. It is known
that the failure of brittle materials depends on cracking processes, while the fracture energy
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increases rising strain rate [72]. Consequently, the increment of compressive strength with
displacement rate grows when the mechanical behaviour becomes more brittle: the distance
between the two interpolating lines in Fig. 5.59a increases with resting time of concrete.
In detail, the strength increment at t=0 min (from 8kPa to 10kPa, i.e., the percentage of
increment equal to 25%) is probably only due to viscous behaviour (point (i) above), while, as
the time increases, there is a further strength increment that is probably correlated to the rate
sensitivity crack propagation (point (ii) above): at t=60 min, the total strength increment is
equal to 15kPa (with a percentage increment of about 75%). Instead, there are no appreciable
changes in the Young’s Modulus values for the resting time examined: the difference of elastic
modulus values related to REF-SP0.10-M-DR3 and SP0.10-M-DR30 is contained in the range
of experimental scatter. The interpolating laws (see graphic legend Figs. 5.55-5.59) of strength
and stiffness founded are used in the analytical model of failure prediction (compressive and
self-buckling failure).

5.3.5 Analytical failure prediction

The need to define an adequate testing procedure for the mechanical characterization of the
material is correlated to the correct prediction of the critical height of the printed element.
In this paper an analytical model is developed to predict the compressive failure at the first
layer, or the self-buckling failure of the whole element; however, the printing process can be
compromised by other issues, as the shear stress failure, excessive deformations, geometry
imperfections etc. The developed model is used to quantify the failure prediction capability
as a function of the testing procedure variability (i.e, in the absence of a standardised testing
procedure). The failure prediction is based on the following conditions, based on the hypothesis
of wall geometry:

5.2) Compression failure : oy (t) = H(t)pg < 0cmas(t)

H3(t
5.5) Self-Buckling failure : E(t) < E..(t) = 0.65%

The analytical laws of compressive strength o 4, (t) and Young’s Modulus E(t) are obtained
and discussed in the previous section. In the following table, a summary of adopted printing
parameters is reported. The value of the building rate is chosen in the range of 1 — 6.2 m/h,
as studied by Perrot et al. [41].

Layer wide 6 [m] Layer height h [m] Building rate [m/h] Density [kg/m3]
0.04 0.01 2.00 2411

In Fig. 5.60, the comparison between the compressive strength and the vertical stress, and
between the Young’s modulus and the critical elastic modulus is shown, for the reference mix.
For a better representation, the vertical axis is expressed in a semilogarithmic scale. Variables
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are reported as a function of the number of stacked layers "n", which is correlated to the time
(t) through the following expression:

tBgr
n =

hlayer

(5.7)
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Figure 5.60: Comparison between the compressive strength and the vertical stress (red curves),
between the Young’s modulus and the critical elastic modulus (blue curves) for Reference Mix.

For the reference mix, the compressive strength at the first layer is reached when 49 layers are
stacked above it, while the self-buckling failure occurs after the deposition of 22 layers; hence,
the self-buckling occurs firstly, and 22 layers is the failure prediction. The same procedure
is made by using the experimental data obtained from each testing condition. In Fig. 5.61
a summary of the obtained results is shown. In all cases, the failure is due to the self-
buckling. Even though results can change with the building rate, the critical height (i.e. the
maximum number of layers) changes depending on specific test results adopted in the analytical
model, varying from the maximum value of 22 (i.e. for reference testing procedure and for
SP0.15-M-DR3) to the minimum of 15 layers (i.e. SP0.10-NM-DR3). From the obtained
results, it is possible to observe that a small variation within the material (i.e. variation of
consistency, presence of voids, previous stress-state) seems to affect the compressive failure
prediction: indeed, the maximum number of layers changes from a minimum value of 15 to
maximum of 49 (reference mix). By contrast, the displacement rate used during compressive
tests can lead to relevant errors in the compressive failure prediction: results show that, by
varying the displacement rate from 3mm/min to 30mm/min, there is an increment of the
predicted number of layers, from 49 to 91. Consequently, (i) the use of the external membrane
during the casting improves the repeatability of test results, due to the lower disturbance
induced on the sample during the demoulding - the failure prediction is more trustworthy
when the external membrane is used; (ii) the lower or higher percentage of superplasticizer
(see the SP0.00-M-DR3 and SP0.15-M-DR3 compared with REF-SP0.10-M-DR3) changes the
maximum number from 20 to 49 and from 18 to 22, respectively, for compressive and self-
buckling failure. Furthermore, the failure prediction of the reference mix (i.e. 22 layers) is an
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upper limit related to achieved results. The variability which characterize the printing process
and the material could strongly influence the failure prediction; until now, no accordance
exists between numerical /analytical modelling and experimental printing tests. Indeed, also
the numerical simulation of the printing process, carried out by Wolfs et al. 2018 [50], diverges
from the printing process validation: the maximum number of layers reached during the
printing process deviates of 27.5% from the number of layers predicted through the numerical
analysis. Obtained results underline the need to define standard procedures for the mechanical
characterization of the material, in order to have greater confidence in analytical /predictive
models.
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Figure 5.61: Summary of analytical failure prediction — maximum layers’ number - for each
case examined.
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5.4 Creep tests

5.4.1 Introduction

Time-dependent volume changes in cement-based materials can be classified in a stress-
independent part, constituted by shrinkage and thermal deformations, and in a stress-
dependent part, called creep [73]: these phenomena are correlated, affecting the concrete
curing from the very beginning and modifying its long-term performance. However, although
the effect of early age shrinkage and thermal cracking is well recognized in literature [74, 75],
no consensus is reached on early age creep [76].

Recently, early age creep gained importance due to the development of new concretes and
the need in highly creep sensitive structures (dams, nuclear power plant containments, tunnels,
etc.). Indeed, such massive structures are particularly affected by volume changes, caused by
the heat released during cement hydration. It follows that, if restrained, concrete volume
changes provoke early age tensile/compressive overstresses that may lead to self-induced creep
strains. Authors [76, 77, 78] argue that creep at early age is more significant than that in
hardened concrete; however, since the phenomenon of creep is defined as the evolution of strain
under a constant load, the interest has been mainly oriented to those cement pastes capable to
sustain such loads, i.e., traditional pastes in a mature phase, expressed in days after casting.
For instance, Atrushi (2003) [79], focusing on the determination of creep model parameters,
investigated early age concrete properties through an extensive tensile test program developed
for six loading ages (1, 2, 3, 4, 6 and 8 days). Bing Han et al (2017) [78], exploring the
definition of viscoelastic—plastic models for the early age concrete creep, tested in compression
2 days old prism-shaped specimens. Khan et al (2018) [80], studying the influence of tensile
creep on internally-restrained reinforced concrete members, considered two different mixes for
determining tensile creep at 0.75, 1, 2, 3, 7 and 28 days. Tab. 5.13 shows a literature review of
the most recent experimental investigations carried out for early age basic creep, along with a
concise summary of testing conditions and the loading age. It is clear that the current research
mainly investigates on the creep response, either in hardened or in early age concretes, both
in days after casting.

Nowadays, additive manufacturing in construction industry gives advantages in terms of

Concrete Parameters

Authors Testing Conditions Loading Age (days)
w/c Admixtures
Atrushi (2003) 0.4 Silica Fume Tension 1,2,3,4,6 and 8
Briffaut (2010) 0.45 Superplasticizer Tension 5
Masse (2010) 0.22 Silica fume, superplasticizer Tension 7
Darquennes et al. (2011) 0.45 Superplasticizer, Blast slag Tension/Compression 1
Ni et al. (2019) 0.3 Portland, Fly ash Tension 1,2,3,5,7
Li et al. (2002) 0.3 Portland, Silica Fume, Blast slag Tension/Compression 3
Bing Han et al (2017) 0.39 Portland Compression 2
Khan et al (2018) 0.45 Portland Tension 0.75,1,2,3,7
Wyrzykowski et al (2019) 0.5 Portland Compression 1.5,3,7
Ranaivomanana et al. (2013) 0.45 Superplasticizer Tension/Compression 28
Briffaut et al. (2012) - Portland, Superplasticizer Compression 1

Table 5.13: Literature review of early age tension/compression creep.
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improved production rate, architectural flexibility and cost reduction [70], posing new engi-
neering challenges. In detail, most of these challenges consists in optimizing the concrete
compatibility with the printing system. Indeed, the 3D printing process consists in extruding
and depositing fresh concrete filaments without formworks, usually adopted to confine and
stabilize the material: hence, the fresh admixture should be adequately strong, stiff, and sta-
ble to sustain its self-weight and the weight of the filaments above it, limiting deformations.
Unfortunately, early age concrete is a transient material, whose rheological properties exhibit
manifold peculiarities. For instance, the admixture is generally characterized by a high paste
volume, a low water-to-cement ratio (w/c), a high dosage of mineral additions and superplas-
ticizer, often mixed with a viscosity-modifying agent [58]. Such peculiarities affect viscoelastic
properties of concretes: on one hand, low water-to-cement ratios conduct to a higher strength;
on the other hand, high paste volumes are more sensitive to creep and shrinkage [77, 81, 82].
Since the degree of hydration strongly influences the early age creep [83], higher creep strains
are experienced if concrete is demoulded and loaded at ages inferior to 1 day [84, 85, 86].
Moreover, as the height of the printed element increases, so does the hydrostatic pressure
and the layer compression under the self-weight [49]. As a consequence, we believe that to
guarantee the dimensional control and to avoid stability problems, a comprehensive insight
on the early age compressive behaviour of 3D printable admixtures is necessary, including
creep-induced time-dependent volume changes (that may assume a prominent role during the
3D printing buildup process). However, no data are available in literature.

As a result, we propose a characterization procedure for 3D printable cementitious mortars,
apt to investigate basic creep under compressive loads: (i) qualitatively, focusing on main
differences between creep in cast and in 3D printable concretes; (ii) quantitatively, defining
the temporal evolution of the deformation-based response at multiple fresh concrete curing
ages. Hence, in order to achieve an exhaustive characterization of 3D printable concrete
response as a function of early age, uniaxial compressive creep tests are performed within an
appropriate time-frame, which simulate the elapsed time between the material extrusion and
the staking process. Accordingly, such tests are executed at distinct loading ages, t = 0, 15,
30 and 60 minutes, in order to define the time-dependent evolution of the basic creep and to
reproduce buildup loading applications that would be expected from a common 3D printing
layered extrusion process. In particular, the following aspects are considered:

e Material and sample preparation;
e Uniaxial compressive creep testing conditions;
e Evolution in time of the creep response.

Initially, a 3D printable concrete material is characterized in order to satisfy peculiar rheo-
logical requirements, i.e., achieving an optimized balance between pumpability, extrudability
and buildability (Section 5.4.2.1). Subsequently, specimens are manufactured and subjected
to multiple constant step loads, simulating one-, two- and three-layer weight for two printing
rates, 900 and 300 seconds (Section 5.4.3). Finally, a theoretical framework is developed in
order to predict the accumulated creep strain achieved during the buildup process (Section
5.4.3.2). Concluding remarks are given.
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5.4.2 Material and methods

In this section we develop a characterization procedure for 3D printable concrete mixes (the
reference mix and the specimen preparation are provided in Section 5.3.2). Such characteri-
zation focuses the on early age compressive creep response: specifically, given that differently
from cast concrete the material behavior evolves during the buildup process, we investigate
on such time-dependent curing properties that may affect buildability. Accordingly, in the
following we discuss:

e the influence of the material and the sample preparation on testing results;
e the creep experimental testing conditions (testing time and displacement rate);
e the simulation of the stacking process.

5.4.2.1 Compressive creep tests

Specimens are tested in an electromechanical Universal Testing Machine, with 10kN capacity
in displacement-control condition, at room temperature T =~ 22°C and controlled relative
humidity RH ~ 60%. Tests are performed applying displacements of the loading head up to
achieve 8N of vertical force reaction, i.e. the self-weight of the specimen. Once such threshold is
reached, we start recording the creep evolution under the constant load. Samples are subjected
to target multiple constant step loads simulating one-, two- and three-layer stacking. Since
no physical measurement on the sample are considered feasible without altering the specimen,
stress and strain are deduced from force-displacement diagrams. In particular, the stress is
computed by dividing the recorded load for the cross-sectional area of the sample (i.e. 2826
mm?), whereas the strain is obtained by dividing the displacement of the loading head for
the initial height of the sample. In order to achieve the time-dependent evolution of the creep
strain law, tests are carried out at distinct concrete ages of t = 0, 15, 30 and 60 minutes,
with a displacement rate of 3mm/min (Displacement Rate — DR). Therefore, since creep is a
slow test, defined by applying a constant load for a certain period, specimens are effectively
curing under the testing machine. Hence, to evaluate also the curing evolution, two testing
times are considered, i.e., 900 and 300 seconds (identified, respectively, as long- and short-term
creep, LC- and SC-). Since mechanical properties of cementitious materials are rate sensitive,
compressive creep tests are performed, only for the reference mix, also with a higher value of
displacement rate (i.e. 30mm/min), in order to assess result variations.

5.4.2.2 Summary of tests

Uniaxial compressive creep tests are carried out by varying: (i) the concrete age (i.e. t=0, 15,
30 and 60 minutes), (ii) the testing time (i.e., 900 and 300 seconds), (iii) the percentage of
Superplasticizer (i.e. 0.00, 0.10 and 0.15% in weight of cement) and (iv) the displacement rate
(i.e. 3mm/min and 30mm/min). In Tab. 5.14 such variables are summarized. Each specimen
set is identified by the acronym “SPxx-yC-DRzz”, where “SPxx” represents the percentage
of superplasticizer (SP0.00, SP0.10 and SP0.15), “yC” indicates if testing time considered
is 900 or 300 seconds (long- and short-term creep, LC- and SC-) and “DRzz” is the value
of displacement rate in mm/min (DR3 and DR30). The reference test is indicated by the
acronym “REF-SP0.10-LC-DR3”. Reference sample is subjected to target multiple constant
step loads simulating one-, two- and three-layer stacking.
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Uniaxial unconfined compression tests

Variables

Acronym REF-SP0.10-LC-DR3 SP0.10-LC-DR30 SP0.10-SC-DR3 SP0.00-SC-DR3 SP0.15-SC-DR3
1. Age [min] 0, 15, 30, 60 0, 15, 30, 60 0, 15, 30, 60 0, 15, 30, 60 0, 15, 30, 60

2. Superplasticizer [%) 0.10 0.10 0.10 0.00 0.15

3. Testing Time [sec] 900 900 300 300 300

4. Displacement rate [mm/min] 3.0 30.0 3.0 3.0 3.0
Samples per set 5 5 5 5 5

Tot. samples 20 20 20 20 20

Table 5.14: Test matrix.
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Figure 5.62: Schematic of early age sample set with different curing time.
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Figure 5.63: Sketch of uniaxial unconfined creep test.
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Figure 5.64: Simulation of one-, two- and three-layer stacking.
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5.4.3 Results and discussions

We investigate on the basic compressive creep response of fresh concrete: main results, achieved
from the set of experimental analysis, are outlined in this section. A general overview of the
performance is summarized here, while crucial aspects are referenced when needed to explain
key points. Special interest is paid to the influence of mechanical response on printability
criteria. As a result, four are the main variables of our study: (i) the early age curing time (t
=0, 15, 30 and 60 min), (ii) the testing time (900 and 300s), (iii) the amount of superplasticizer
(0.0, 0.1 and 0.15%) and (iv) the displacement rate (3mm/min and 30mm/min). Subsequently,
samples are subjected to multiple constant step loads simulating one-, two- and three-layer
stacking, in order to get knowledge on the creep evolution during the buildup process. Results
are exhibited in terms of time, averages and standard deviations.

5.4.3.1 Reference long-term creep

Results referred to the long-term compressive creep (900s) are condensed in the following
pages, organized in this way: initially, we show a set of four diagrams that represent the time-
dependent response (in terms of force, displacement and force-displacement curves) in early
age curing time, i.e., for t = 0, 15, 30 and 60 min. Each diagram of this set shows five test
results (grey) with their average (black). Subsequently, in the same page, comparisons among
averages are presented in order to measure the extent of the specimen response evolution in
curing time. Afterwards, average peaks are depicted in a bar chart along with their standard
deviation, in order to understand the repeatability of the test; finally, force-displacement
results are translated in stress-strain data. Note that the value of long-term creep timespan
(900 sec - 15 min) is intentionally selected to investigate the transition among curing ages (i.e.,
t = 0, 15, 30 and 60 min) during the testing time. The adopted amount of superplasticizer is
0.1% of cement weight.

A displacement-controlled test is performed until the self weight is applied (8N - 2.8kPa),
then the load is maintained constant up to 900 sec, and consequently increased again doubling
the self weight (16N - 5.6 kPa). In Figs. 5.65 and 5.71, the load application is displayed: it is
possible to observe that oscillations, due to the responsiveness of MTS loading machine (up
to 8+1.2N and 16+1.8N), become more accentuated as the sample stiffness increases.
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Figure 5.65: Long-term creep tests, 0.1% plasticizer with membrane. Average and individual
results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes.
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Figure 5.66: Long-term creep tests, 0.1% plasticizer with membrane. Average comparisons at
different time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend - REF-SP0.10-LC-
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Figure 5.67: Long-term creep tests, 0.1% plasticizer with membrane. Average and individual
results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes.
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Figure 5.68: Long-term creep tests, 0.1% plasticizer with membrane. Average comparisons at
different time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with
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5.4. Creep tests

83

Force [N]
5 B % 5 & B

©

t=0min
— Average

Force [N]
= S = = = N
o N o o © o

©
T

t=15 min
— Average

0 1 2 3 4 5 6 7 8 9
Displacement [mm]

(a)

Force [N]

©

t =30 min

— Average

)
10

1 1 1 1 1 1 )
0 1 2 3 4 5 6 7 8 9 10

Displacement [mm]

(b)

t =60 min
— Average

Force [N]

0 1 2 3 4 5 6 7 8 9
Displacement [mm]

(c)

)
10

1 1 1 1 1 1 1 1 1 )
0 1 2 3 4 5 6 7 8 9 10

Displacement [mm]

(d)

Figure 5.69: Long-term creep tests, 0.1% plasticizer with membrane. Average and individual
results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes.
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Figure 5.71: Long-term creep tests, 0.1% plasticizer with membrane. Average and individual
results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes.
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Figure 5.72: Long-term creep tests, 0.1% plasticizer with membrane. Average comparisons at
different time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend - REF-SP0.10-LC-
DRS3.
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Figure 5.73: Long-term creep tests, 0.1% plasticizer with membrane. Average and individual
results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes.
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Figure 5.74: Long-term creep tests, 0.1% plasticizer with membrane. Average comparisons at
different time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with
standard deviation - REF-SP0.10-LC-DRS3.
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Figure 5.75: Long-term creep tests, 0.1% plasticizer with membrane. Average and individual
results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes, (d) 60 minutes.
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Figure 5.76: Long-term creep tests, 0.1% plasticizer with membrane. Average comparisons at
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Figure 5.77: Creep tests compared with compression tests, 0.1% plasticizer with membrane.
Average and individual results at different time - (a) 0 minutes, (b) 15 minutes, (c) 30 minutes

Comparing results in Figs. 5.67 and 5.73 it is clear that the early age mechanical response
of concrete evolves between 0 and 60 min, showing a stiffness increase that conduces to lower
displacements and strain (up to 5mm and 4%), congruently with unconfined compression test
results (the stiffness increment can also be noticed in Figs. 5.69 and 5.75, where the force-
displacement and the stress-strain response is depicted). In order to evaluate the potential
transition among curing ages during the testing time (900 sec), i.e., if t = 0, 15 and 30
samples harden up to t = 15, 30 and 60, respectively, stress-strain diagrams are overlapped
with compression test results, Fig. 5.77. Comparing stress-strain creep tests (red) with stress-
strain compression test results (greyscale), we can evince that the first branch of stress-strain
creep curves (corresponding to the initial increment of self weight, 8N) is congruent with the
beginning of the compression test; however, the second branch (corresponding to the second
increment of weight, 16N) is much more stiff than stress-strain compression curves. In order
to have a deeper insight on this phenomena, please refer to Fig. 5.78: in this example the 0
min cured specimen is set in the testing machine. The stress-strain creep curve is depicted
in red, while the stress-strain compression curve is marked in black. Initially, the sample is
loaded with the self weight (first branch); subsequently, the load is maintained constant for
900 sec, and then loaded again to double the self weight (second branch).
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Figure 5.78: Creep tests compared with compression tests, conceptual example of curing
transition.

Therefore, the 0 min cured curve evolves in a 15 min cured curve during creep; however,
instead to follow the 15 min cured compression curve (Fig. 5.78a) it develops stiffer (Fig.
5.78b). This interesting feature underlines that early age specimens cured under compression
reach a higher stiffness and strength: as this condition simulates the layer-based 3D printing
buildup process, i.e., where concrete layers cure sustaining the weight of higher layers, it
follows that in such process concrete layers will tend to exhibit an improved performance in
terms of stiffness and strength. In Tab. 5.15, peak values obtained during the long-term creep
test are summarized. Note that in this case, the strain refers to the total strain (Fig. 5.98).

In Fig. 5.79, three illustrative time-dependent strain diagrams are shown: Fig. 5.79a shows
typical deformations of hardened concrete, Fig. 5.79b represents idealized deformations of
early age mixes and Fig. 5.79c depicts a real case obtained with fresh concrete. We want
to highlight that, even if the theoretical application of the constant load is instantaneous,
practically, the load is applied throughout a ramp law (therefore the first branch of the curve

Curing Time

Total Displacement [mm

Force [N]
]
Stress [kPa]

Total Strain [%]
Force Standard Deviation [N]

Relative Force Standard Deviation [%]
Disp. Standard Deviation [mm]
Relative Disp. Standard Deviation [%]
Tot. number of samples

0 min
peak averages

8.53
4.19
3.02
3.49
0.30
3.52
1.25
29.83
5

15 min
peak averages

8.73

2.21

3.09

1.84

0.37

4.24
0.88
39.81

5

30 min 60 min
peak averages peak averages
8.67 8.75
1.92 0.80
3.07 3.10
1.60 0.67
0.55 0.39
6.34 4.46
0.18 0.47
9.83 58.75
5 5

Table 5.15: Reference force-displacement and stress-strain results.
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Figure 5.79: Creep in (a) hardened and (b) early age concrete; (c) real case.

is sloped). Moreover, new chemical bonds are created in the deformed configuration (during
testing): elasto-plastic recovery is minimum and permanent deformations are maximum. As
a result, we represent creep strains alone, i.e., obtained removing the elastic deformation from
total strain curves (Fig. 5.79¢c). Fig. 5.80 represents the creep strain at different curing early
ages (t = 0, 15, 30 and 60 min); for each measurement, the average, the maximum and the
minimum value are represented: comparing average curves (Fig . 5.81) it is possible to notice
that the creep strain decreases as the concrete harden (maintaining the same constant load at
8N), beginning with 0.21% (t = 0 minutes) and halving in one hour. In Tab. 5.16, the strain,
the standard deviation and the relative standard deviation are summarized.

Curing Time

0 min 15 min 30 min 60 min
peak averages peak averages peak averages peak averages
Creep Strain [%] 0.21 0.19 0.15 0.10
Strain Standard Deviation [%] 0.0232 0.0178 0.0103 0.0252
Relative Strain Standard Deviation [%] 11.05 9.37 6.87 25.21
Tot. number of samples 5 5 5 5

Table 5.16: Reference long-term creep results.
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Figure 5.80: Creep tests, 0.1% plasticizer with membrane. Average and individual results at
different time - (a) 0 minutes, (b) 15 minutes, (¢) 30 minutes, (d) 60 minutes - creep strain.
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Figure 5.81: Creep tests, 0.1% plasticizer with membrane. Average comparisons at different
time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with standard

deviation - REF-SP0.10-LC-DR3.
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Figure 5.82: Creep tests, 0.1% plasticizer with membrane. Average and individual results at
different time - (a) 0 minutes, (b) 15 minutes, (c¢) 30 minutes, (d) 60 minutes - creep strain.

04r
Avg.t =0 min
0.35 X
Avg.t = 15 min
03 [——Avg.t =30 min
. —Avg.t = 60 min
.CE,O-ZS
£ o2f
<
=
) 015f
0.1p
0.05 |
0 100 200 300 400 500 600 700 800 900
Time [s]

(a)

047

o
w
@

o
w

o
N
o

Strain [%]
—t—

4
o
a

15 30
Time [min]

(b)

60

Figure 5.83: Creep tests, 0.1% plasticizer with membrane. Average comparisons at different
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Figure 5.84: Load application schematic of the for the reference long-term and short-term
creep test.

Fig. 5.82 and 5.83 represent creep strain curves obtained with an increased displacement rate
(30 mm/min): as expected, the creep remains approximately unvaried, reaching a peak of
0.23% with an increased RSD, nearly the 26%. Creep induced deformations can exacerbate
the fresh state stability of 3D printed walls, representing, in our opinion, a specific challenge
to be addressed in 3D concrete printing process. Furthermore, 0.23% is the maximum strain
obtained applying the self weight to a single layer (i.e., simulating one-layer stacking): as the
number of layer increases, the deformation accumulates, worsening the stability during the
buildup process. Further analyses need to be carried out in order to quantify the amount of
creep accumulated during the process.

From Fig. 5.81 it is possible to observe that average creep values stabilize after approximately
200 seconds, reaching a plateau: therefore, we introduce short-term creep tests, performed in
300 seconds (Fig. 5.84). In such tests we investigate on correlations between creep and the
amount of superplasticizer, as well as on the accumulation of creep obtained increasing the
number of layers. Accordingly, in Tab. 5.17 we outline the following tests under assessment.

Curing Time

0 min 15 min 30 min 60 min
n. samples n. samples n. samples n. samples

SP0.00-SC-DR3 5 5 5 )
SP0.10-SC-DR3 5 5 5 5
SP0.15-SC-DR3 5 5 5 )
SP0.10-SC-DR3, 2 layers 5 5 5 5
SP0.10-SC-DR3, 3 layers 5 5 5 5
Tot. number of samples 25 25 25 25

Table 5.17: Test matrix.

5.4.3.2 Short-term creep

Results condensed in following pages are organized as follows: initially, each page displays a
set of four diagrams that represents the time-dependent response (in terms of creep strain) at
early age curing time, i.e., for t = 0, 15, 30 and 60 minutes.
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Figure 5.85: Creep tests, 0.0% plasticizer with membrane. Average and individual results at
different time - (a) 0 minutes, (b) 15 minutes, (c¢) 30 minutes, (d) 60 minutes - creep strain.
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Figure 5.86: Creep tests, 0.0% plasticizer with membrane. Average comparisons at different
time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with standard
deviation - SP0.00-SC-DR3.
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Figure 5.87: Creep tests, 0.1% plasticizer with membrane. Average and individual results at
different time - (a) 0 minutes, (b) 15 minutes, (¢) 30 minutes, (d) 60 minutes - creep strain.
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Figure 5.88: Creep tests, 0.1% plasticizer with membrane. Average comparisons at different
time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with standard
deviation - SP0.10-SC-DR3.
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Figure 5.89: Creep tests, 0.15% plasticizer with membrane. Average and individual results at
different time - (a) 0 minutes, (b) 15 minutes, (c¢) 30 minutes, (d) 60 minutes - creep strain.
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Figure 5.90: Creep tests, 0.15% plasticizer with membrane. Average comparisons at different
time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with standard
deviation - SP0.15-SC-DR3.
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Figure 5.91: Creep tests, 0.00%, 0.1% and 0.15% plasticizer with membrane. Average peak
results at different time - (a) 0 minutes, (b) 15 minutes, (c¢) 30 minutes, (d) 60 minutes.

Each diagram of this set depicts five individual test results (grey) along with their average
(black). Afterwards, in the same page, comparison among averages is displayed in order to
give insight on the extent of specimen response variation in curing time. Subsequently, average
peak values are exhibited with their standard deviation, in order to measure the repeatability
of the test. Finally, the correlation between creep strain and superplasticizer amounts is shown
in Fig. 5.91, while test results are summarized in Tabs. 5.18-5.20. Analyzing Figs. 5.86, 5.88,
5.90 and Fig. 5.91, it is possible to observe that the creep strain decreases as the concrete
harden and increase as the superplasticizer amount increase. As a result, maximum creep
values are recorded for time 0 and 0.15% in cement weight of superplasticizer, reaching a peak
average of 0.204%. In addition, superplasticizer affects test accuracy, that decreases for higher
amounts of additive and roughly increases in curing time (Tab. 5.20). Indeed, SP0.15-SC-D3
is the most inaccurate reaching a maximum of 59.5% as RSD.

As aforementioned, to analyze creep during the buildup process, specimens are subjected
to multiple of their self weight, simulating one, two and three upper layer deposition (Fig.
5.92). Accordingly, results are gathered in the following figures (Figs. 5.93-5.96) where two-
and three-stage creep strain is highlighted.
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Curing Time

0 min 15 min 30 min 60 min
peak averages peak averages peak averages peak averages
SP0.00-SC-DR3 0.136 [%) 0.096 [%)] 0.083 [%)] 0.063 [%)]
SP0.10-SC-DR3 0.200 [%) 0.169 [%)] 0.131 [%) 0.081 [%)]
SP0.15-SC-DR3 0.204 [%) 0.192 [%)] 0.153 [%)] 0.139 [%)]
Tot. number of samples 15 15 15 15

Table 5.18: Creep strain at different curing time and superplasticizer amounts.

Curing Time

0 min 15 min 30 min 60 min
peak averages peak averages peak averages peak averages
SP0.00-SC-DR3 0.026 [%) 0.012 [%)] 0.007 [%) 0.01 [%)]
SP0.10-SC-DR3 0.098 [%) 0.034 [%)] 0.024 [%) 0.033 [%)]
SP0.15-SC-DR3 0.119 [%) 0.098 [%)] 0.048 [%)] 0.071 [%]
Tot. number of samples 15 15 15 15

Table 5.19: Standard deviation at different curing time and superplasticizer amounts.

Curing Time

0 min 15 min 30 min 60 min
peak averages peak averages peak averages peak averages
SP0.00-SC-DR3 19.12 [%)] 12.50 [%] 8.43 [%)] 15.87 [%]
SP0.10-SC-DR3 48.04 [%) 20.12 [%] 18.32 [%] 40.74 [%]
SP0.15-SC-DR3 59.5 (%) 51.04 [%)] 31.37 [%) 51.08 [%)]
Tot. number of samples 15 15 15 15

Table 5.20: Relative standard deviation at different curing time and superplasticizer amounts.
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Figure 5.92: Simluation of one-, two- and three-layer stacking.
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Figure 5.93: Creep tests, 0.1% plasticizer with membrane. Average and individual results at
different time - (a) 0 minutes, (b) 15 minutes, (¢) 30 minutes, (d) 60 minutes - creep strain.
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Figure 5.95: Creep tests, 0.1% plasticizer with membrane. Average and individual results at
different time - (a) 0 minutes, (b) 15 minutes, (c¢) 30 minutes, (d) 60 minutes - creep strain.
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Figure 5.96: Creep tests, 0.1% plasticizer with membrane. Average comparisons at different
time - 0 minutes, 15 minutes, 30 minutes, 60 minutes - (a) trend & (b) peaks with standard

deviation - SP0.10-SC-DR3, 3 layers.
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Curing Time

0 min 15 min 30 min 60 min
peak averages peak averages peak averages peak averages
SP0.10-SC-DR3, 2 layers 0.410 [%)] 0.308 [%)] 0.220 [%)] 0.183 [%)]
SP0.10-SC-DR3, 3 layers 0.443 [%)] 0.400 [%) 0.370 [%)] 0.293 [%)
Tot. number of samples 10 10 10 10

Table 5.21: Creep strain at different curing time and superplasticizer amounts.

Curing Time

0 min 15 min 30 min 60 min
peak averages peak averages peak averages peak averages
SP0.10-SC-DR3, 2 layers 0.065 [%)] 0.040 [%) 0.046 [%)] 0.047 [%)]
SP0.10-SC-DR3, 3 layers 0.042 [%)] 0.041 [%) 0.022 [%)] 0.056 [%)]
Tot. number of samples 10 10 10 10

Table 5.22: Standard deviation at different curing time and superplasticizer amounts.

Curing Time

0 min 15 min 30 min 60 min
peak averages peak averages peak averages peak averages
SP0.10-SC-DR3, 2 layers 15.97 [%) 12.86 [%] 20.97 [%] 25.52 [%)]
SP0.10-SC-DR3, 3 layers 9.37 [%] 10.21 [%)] 6.02 [%)] 19.10 [%)]
Tot. number of samples 10 10 10 10

Table 5.23: Relative standard deviation at different curing time and superplasticizer amounts.

Curing Time

0 min 15 min 30 min 60 min

peak averages peak averages peak averages peak averages
SP0.10-LC-DR3, total strain 4.19 [%) 2.22 (%) 1.97 [%] 0.80 [%)]
SP0.00-SC-DR3, total strain 3.58 [%] 3.11 (%) 2.52 [%] 1.66 [%)]
SP0.10-SC-DR3, total strain 4.49 %] 3.51 [%] 2.74 (%) 2.08 (%)
SP0.15-SC-DR3, total strain 3.96 (%] 2.54 [%] 2.20 (%] 0.96 (%)
SP0.10-SC-DR3, 2 layers, total strain 7.38 [%] 4.59 (%] 4.07 [%] 2.34 (%)
SP0.10-SC-DR3, 3 layers, total strain 8.24 (%] 5.20 (%) 3.27 (%] 2.05 (%)
SP0.10-LC-DR3, ratio 5.00 [%] 8.65 (%) 7.81 [%] 12.57 %)
SP0.00-SC-DR3, ratio 4.38 [%] 2.68 [%] 3.29 (%] 3.79 [%]
SP0.10-SC-DR3, ratio 4.45 %] 7 66 [%] 4.79 [%] 3.90 [%]
SP0.15-SC-DR3, ratio 5.15 [%] 55 [%] 6.93 (%] 55 (%]
SP0.10-SC-DR3, 2 layers, ratio 5.56 [%] 6 71 (%] 5.40 [%] 7.84 [%)
SP0.10-SC-DR3, 3 layers, ratio 4.85 [%] 8.52 [%] 11.32 [%)] 14.32 [%]

Tot. number of samples 30 30 30 30

Table 5.24: Creep to elastic strain ratios (according to Fig. 5.79).
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In Tabs. 5.21-5.23 results are summarized: it is evident that the amount of creep strain rises
during the buildup process with the number of layers, up to 0.443% on average and 0.501%

as a peak. By means of a logarithmic regression it is possible to fit experimental results,
obtaining:

C[%] = 0.23In(L) + 0.2136 (5.8)

where C is the creep strain (in %) at the ground layer and L is the number of stacked layers.
Fig. 5.97a depicts such correlation, showing that deformations rise rapidly at first and then
slows over the number of layers; Fig. 5.97b associates the number of layers with the strain
accumulated on top of the printed element (in terms of % of the layer height).

N
(&)

o
©

o

©
N
o

©
3
[
o
T

-
o
T

Creep Strain [%0]

I
IS
T

o
w
o
T

Accumulated Top Strain [%]

‘—Logarithmic Regression

\—Strain Prediction

o
N}

o

| I I |
10 15 20 25 30 0 5 10 15 20 25 30

no. Layer [-] no. Layer [-]
(a) (b)

Figure 5.97: Prediction of creep strain accumulated on top of 3D printed elements.

As a result, even if individual creep strains are small, the top displacement rapidly increases
as the number of layer increases, being a potential cause for displacement-based failures.

¢« Constant Load——p4q— Load Removed
c—— Creep _—
Total StrainI \\'\‘?\ﬁj / Creep
A g Elastic g
e "L W c Total
BRI £ Strain
AT, @ Elastic
RIS Deformation
el Time [s]
) (b)

Figure 5.98: Creep to elastic strain ratio.
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The accuracy of the test, expressed by means of relative standard deviation, increases passing
from two to three layers (corresponding to decrease in relative standard deviation up to 9.37%,
Tab. 5.23).

Additionally, in Tab. 5.24, ratios between the amount of creep and the total strain (Fig.
5.98) are outlined. As expected, the total strain is maximum for three layers, especially at
time 0 minutes, i.e., when concrete is in the fresh state. Elastic strain ratios behave with
a roughly linear increasing trend, due to the hardening of concrete that imply a transition
from the viscous to the elastic phase. Such transition modify the concrete compresive creep
response, displaying an accentuated elastic strain.
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5.5 Rheological tests

The Anton Paar RheolabQC cylindrical rheometer is used to determine the plastic viscosity
and the yield stress, as defined by Bingham [87]. The plastic viscosity is the amount of
increased shear stress when the shear rate increases; the static yield stress is defined as the
maximum stress required to flow from the rest condition, while the dynamic is defined as
the minimum stress required to maintain the flow [88]. Such parameters can not be directly
measured by the rheometer, but only calculated from the Bingham model for non-Newtonian
materials [87]. This kind of rheometer contains a probe in the form of a spindle (diameter 12
mm) that measures the torque: at the beginning, when the early age concrete is in rest state,
higher torque is required for the spindle to start the rotation, and this value is considered
the static torque [53]. Therefore, by imposing the shear rate and measuring the torque, it
is possible to extrapolate both the yield stress and the plastic viscosity, as expressed in the
adopted rheological protocol in Fig. 5.100. The reference mix and the specimen preparation
are provided in Section 5.3.2. Multiple fresh concrete curing ages are considered, t = 0,
15, 30 and 60 min, while two amounts of superplasticizer are selected (0.1, 0.15%). After
the preparation, specimens are left undisturbed before the test in order to onset the cement
hydration. Once the sample is loaded in the container, flow curves are achieved for increasing
shear rates (maximum 30 1/s) up to 180 seconds of constant rotation.

incremental incremental incremental incremental
shear rate shear rate shear rate shear rate

<p

60 min 30 min 15 min 0 min

Figure 5.99: Schematic of early age sample set with different curing time.
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Figure 5.100: Rheological tests: flow curve protocol.
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5.5.1 Results and Discussions

Rheological properties of cement pastes are difficult to measure with traditional rheometric
procedures [88]. On one hand, challenges can be experienced when granular pastes show high
solid fraction and low shear rates, since subjected to a frictional flow regime. On the other
hand, particle segregation can be encountered for high shear rates and fluid pastes (for instance,
by means of superplasticizer). Moreover, the compound behaves like a shear thinning material,
i.e., the apparent viscosity usually drops increasing the shear rate (with consequences during
the pumping process). As a result, we evaluate the possibility to consider early age concrete
as a fluid, employing simple protocols to quantify the shear strength of the mix: initially, the
shear stress and the plastic viscosity are determined by means of rotational spindle rheometers.
Subsequently, from the flow curve it is possible to deduce both the static and the dynamic
shear stress. Indeed, for thixotropic materials there is an initial (static) and an equilibrium
(dynamic) state for each shear rate (Fig. 5.101); if no equilibrium is achieved, the plastic
stress can be under- or over-estimated. Results are organized as follows: initially, each page
contains a set of four curves that represent the time-dependent response (in terms of shear
stress and viscosity) at early age curing time, i.e., for t = 0, 15, 30 and 60 minutes. Each curve
of this set shows four individual test results achieved at four different shear rates (maximum
30 1/s). Subsequently, in the same page, comparison among averages is displayed.

Please consider that peak averages expressed in Figs. 5.103,5.105,5.107 and 5.109 refer
to the equilibrium state; since we are treating the mixture as a fluid, we do not evaluate
concrete without superplasticizer. Diagrams in Figs. 5.102 and 5.106 depict shear stress
values: initially, a peak is needed to onset the flow (yield stress); consequently, the peak
decreases stabilizing. Yield stress evolves in curing time, showing the lowest amounts for
fresh mixes and the highest values at 60 minutes. Such values reside in the range of 0.12-1.05
kPa for 0.1% in cement weight of superplasticizer and 0.02-1.10 kPa for 0.15%. According to
experimental findings [32], 0.3-0.9 KPa is the yield stress range that may prevent obstructions
during pumping/extrusion. As a result, even if the selected compound is a suitable mix,
particular care has to be payed extruding the material after 30 minutes.
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Figure 5.101: Sketch of rheological test along with hints for result interpretation.
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Figure 5.104: Rheological tests, individual results - 0.1% plasticizer, (a) 0 minutes, (b) 15
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Figure 5.106: Rheological tests, individual results - 0.15% plasticizer, (a) 0 minutes, (b) 15
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Figure 5.107: Rheological tests, average results - 0.15% plasticizer, (a) 0 minutes, (b) 15
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Figure 5.108: Rheological tests, individual results - 0.15% plasticizer, (a) 0 minutes, (b) 15
minutes, (c¢) 30 minutes, (d) 60 minutes.
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Figure 5.109: Rheological tests, average results - 0.15% plasticizer, (a) 0 minutes, (b) 15
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Figure 5.110: Rheological tests, comparisons - 0.1% plasticizer, (a) 0 minutes, (b) 15 minutes,
(¢) 30 minutes, (d) 60 minutes.

By contrast, Thrane et al. [64] found that to efficiently pump/extrude the mix, the appro-
priate plastic viscosity resides in the range of 21.1-38.8 Pas: as a result, only the mix with
0.15% of superplasticizer at t = 0 min can be easily pumped.

Comparing Figs. 5.103 and 5.107 it is possible to observe that shear strength is higher in
samples with 0.1% of superplasticizer, reaching, in the dynamic state, 170 Pa. Coherently,
the lowest value of shear strength is reached for fresh samples (0 minutes) with 0.15% of
superplaasticizer, approximately 10 Pa, value that limits the buildability capacity. Once
again, 0.1% of superplasticizer is selected as the most suitable mix.

It is also worth noting that the chosen compound can be represented by a Bingham and a
shear thinning material (Fig. 5.112). Bingham fluids are viscoplastic materials that reacts
as an elastic solid at low stress but flows as a viscous fluid at high stress. Shear thinning
materials show reduction in apparent viscosity with increasing the shear rate.
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Chapter 6

Conclusions and future perspectives

6.1 Conclusions

The central objective of the work was to present and discuss a standardized characterisation
procedure for 3D-printable concrete mixes. Such characterization investigated the early-age
response of 3D-printable mortars: in particular, considering that material properties evolve
during the printing process, we focused on the time-dependent compressive, creep and rheolog-
ical response, as well as on the efficiency of testing procedures that may affect the buildability.

Initially, we summarized chronological steps in digital fabrication with concrete, along with
potentials and challenges of 3D concrete printing. Subsequently, we provided the composition
of a 3D-printable concrete mix: on such mix we set up and performed an experimental cam-
paign composed by unconfined uniaxial compression tests, unconfined uniaxial creep tests and
rheological tests, by varying: (i) the concrete age, (ii) the material and sample preparation,
and (iii) the adopted displacement rate. Finally, by means of such experimental results, we
employed an analytical failure criterion to foresee either the strength or the self-buckling fail-
ure of the 3D printed component, focusing on the effect of particular testing procedure on the
prediction of the structural performance. Tests highlighted that:

e the early age mechanical response is influenced by the concrete resting time; as the
concrete age evolves, passing from the fresh to the hardened state, there is a transition
from plastic to brittle behavior along with a compressive strength (from 8.32 to 21.69
kPa), stiffness (from 210 to 607 kPa), plastic viscosity (from 120 to 360 Pas) and static
shear strength (from 0.27 to 1.07 kPa) enhancement. Even creep is affected by the
concrete age, showing a reduction (from 0.21 to 0.10 %) as the mix matures. This
behaviour is also experienced by modifying testing procedures;

e both increasing and decreasing the amount of superplasticizer (to simulate changes in
material preparation) results vary, emerging in lowered strength, stiffness, viscosity and
experimental precision (the relative standard deviation reached a peak of 44.86%). Creep
grows increasing the SP and reduces decreasing the SP. This phenomena underlines the
need to precisely reproduce the physical composition of the printing mix;

e the use of the membrane was considered to evaluate variations in sample preparation:
results shows that without the membrane there is a decrease in strength (from 5.81 to
3.54 kPa) and stiffness (from 124 to 68 kPa), giving rise at the most inaccurate results
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(the relative standard deviation reached a peak of 49.06%);

e the displacement rate influences the stress-strain response: when the rate rises it is
possible to observe a significant increment in compressive strength (up to 33.25 kPa),
despite a reduction in accuracy (the relative standard deviation reached 39.73%);

e the amount of creep strain rises during the buildup process; two- and three-stage simula-
tions accumulate creep deformations with a logarithmic trend, up to 0.443% on average

and 0.501% as a peak;

As supported by laboratory test results, we can conclude that the proposed experimental
methodology is suitable for evaluating the properties of early age printed concrete; however,
tests demonstrate that the reliability of the methodology strictly depends on the variability
of the testing procedures. Indeed, achieved results clearly highlight the need to prescribe
standardized procedures for the mechanical characterization of the material, in order to have
greater confidence in analytical /predictive models (the failure prediction fluctuation is in the
range of 30-40%). Some recommendations may be employed to enhance the reliability of the
testing protocol: (i) the external membrane increases the repeatability of the test, (i) 0.1%
represents the optimal superplasticizer amount, (iii) a lower displacement rate increases the
test accuracy. Such recommendations also permit a more reliable failure prediction.

6.2 Vision for future work

Computer-aided design and 3D printed fabrication of articulated multiscale structures is one
of the most complex tasks of modern civil engineering [37]. Properly capturing the material
response opens up new perspectives of importance for the applications of interest in 3D con-
crete printing, i.e., addressing those challenges which cannot be addressed with conventional
casting. Accordingly, our vision is a concrete panel, optimized in terms of energy and mechan-
ical properties, and generated by means of a suitable 3D printing process (based on ad hoc
automated technologies) designed in conjunction with waste-based concrete materials, aiming
to support affordable and sustainable nearly zero-emission residential housing solutions.

As a matter of fact, the prevailing limitation is in the choice and in the characterization of
materials. However, given what illustrated in the previous sections of this work, the experimen-
tal plan may be represented by a multi-disciplinary approach, involving several methodologies
and scientific fields, in order to: (i) develop proper mixtures, made of recycled materials, char-
acterizing the final product by high added value; (ii) capture material responses of importance
for the applications of interest, along with the development of robust and effective simulation
techniques for proposed constitutive models; (iii) address current challenges in concrete ad-
ditive manufacturing technologies, validate the employment of proposed concrete mixtures in
printing processes and prove the methodological accuracy under effective conditions.

The proposed approach will generate a massive potential impact on industry and linear
economy, specifically based on a triple thematic: Resource Recycling, Waste Reduction
and Production Reuse; in this view, AM equipment may become a tool for tackling pollution
and housing emissions. In the following, the approach is illustrated by means of its scientific
context.
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6.2.1 Scientific background and rationale

After water, concrete is the second most employed material worldwide [89], primarily used
in the construction industry. Ordinary Portland Cement is the traditional binder, composed
mainly by calcium silicate minerals: a fine powder is obtained from raw materials, before
entering in a preheater and reaching 1400°C' [90]. Even if CO, emission-reduction technologies
and their application in the market can be a turning point in the cement manufacturing
industry, as one of the mid- and long-term climate change mitigation strategies, the demand
for Portland cement is dangerously increasing (Fig 6.2).

Although growing worldwide environmental concerns have led to face this problem, the
emission rate increases unmitigatedly, mainly due to the economic expansion of developing
countries (such as Latin America, Africa, the Middle East, India and Asia) and since low-
carbon technologies have not been commercialized yet [91].

On the contrary, manufactured materials are defined “green” or “sustainable” when the use
of natural resources is more efficient, reducing energy and waste production, i.e., cutting their
global impact on the environment [92]. As a result, given the compelling need to pollution
control, the idea is to design and develop a circular-resource regeneration system, focused on
the production of waste-based concrete, dealing with the agricultural and industrial residue
footprint, through the following aforementioned aims:

(a) Transform waste products in alternatives for Ordinary Portland Cement;

(b) Substitute quarry virgin aggregates with high added value recycled ones, derived from
constructions, demolitions and finishing materials;

(¢) Reduce the construction waste, designing and developing ad hoc AM concrete processes
based on the concept of disassemblability and modularity. Concrete fracture is mitigated
with recycled fibers and additives reinforcement;

(d) Develop a sustainable organization model to face housing emissions, by employing con-
crete panels optimized towards the energy sustainability of housing in Lombardy.
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6.2.1.1 OPC Alternatives

Various methods have been developed to shorten the use of OPC in cement industry, although
the appropriateness of such methods is still under investigation. Some solid waste materials
are rich in silica and alumina, showing cementitious properties [93]; however, the study of
their mechanics, production and implementation is still at an early stage [61].

Resources from Agriculture

e Rice husk ash (RHA): highly siliceous (90-95% Si03) compared to OPC (21% of
Si0s). RHA improves workability, strength, durability and prevents cracking [94]. Supe-
rior compressive features are obtained at 28 days [95]. RHA concrete is still at laboratory
stage.

e Saw dust ash (SDA): generated as a by-product of burning wood waste. The com-
pressive strength of concrete increases replacing 20% of wood ash at 60 days [96]. SDA
can be used as a partial replacement material to produce structural grade concrete [97].

e Palm oil fuel ash (POFA): obtained by burning palm oil residue to generate electric-
ity. Since POFA contains 21-22% of SiO,, it can be used as an auxiliary cementitious
material [98]: 20% substitution of POFA produces the highest strength in structural
lightweight concrete [99].

Resources from Industries

e Fly ash: concrete exhibited improvements on compressive strength due to pozzolanic
reaction [100]. Different OPC replacement levels of fly ash are tested, showing that
36%-43% of carbon footprint can be bypassed replacing 40% OPC with fly ash [101].

e Ground-granulated blast-furnace slag (GGBFS): produced in blast furnaces, it
can be used as a partial replacement of cement (up to 40%) [61], giving higher compres-
sive and flexural strength [102], due to the high composition in silicates and aluminates.

e Silica fumes: derived from silicon metal and ferrosilicon alloy production. Due to
the ultra-fine powder and to 85-90% silica content [103], they contribute to additional
strength, reacting with the calcium hydroxide of OPC [104].

Geopolymer cement

A geopolymer cement is an inorganic polymer formed by polymerization of a source con-
taining silica and alumina dissolved in alkaline medium. Geopolymers (GP) are attractive
materials because their impact, measured as carbon dioxide equivalents, is reduced with re-
spect to OPC. The starting materials are produced at lower temperatures compared to OPC.
The main contribution to carbon dioxide production of GP is the preparation of sodium silicate
[105], but this could be reduced in the future if the demand for this material increases. Fur-
thermore, geopolymers could be produced from different starting materials, including wastes,
and they are more fire-resistant compared to OPC [106]. The first step of their production
is the reaction of an aluminosilicate source with an alkaline medium (sodium or potassium
hydroxide and/or sodium silicate). The dissolution of the material give rise to an activated
silica/alumina mixture. When the water evaporates, the mixture goes from the solution to
the gel state and finally to the solid state, due to irreversible condensation reactions. Starting
materials for the preparation of GP can be represented in the ternary diagram below:
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Figure 6.2: Range of raw materials composition used for the production of GP [107].

(SF stands for silica fume). As it is visible, OPC can be reused as a starting material for
the production of GP. Geopolymers can be classified according also to their CaO content. As
a matter of fact, the calcium content results in the improvement of an early strength by the
extra precipitation of calcium compounds and also provides a latent heat during the setting
reaction. As an example, a list of materials tested as GP are shown in the table below:
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Figure 6.3: Examples of GP composition, adapted from [108].
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The compressive strength of the materials could be equal or superior of OPC:
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Figure 6.4: Compressive strength in function of starting materials [108].

6.2.1.2 Quarry Aggregate Alternatives

There is an increasing interest in recycled and industrial by-product aggregates: as a result,
the American Concrete Institute (ACI) [109], the Department of the Environment and Water
Resources in Australia, the Waste and Resources Action Programme (WRAP) in UK have de-
veloped guidelines on the use of recycled aggregates. European Standards do not discriminate
between various sources of aggregate, but examine their potential use in concrete.

Waste foundry sand (WFS): with high concentration of silica, it is potentially ca-
pable to increase mechanical properties when partially substituted (up to 30%) as fine
aggregate [110]. Different structural grades can be achieved adopting higher WFES per-
centages [111].

Rubber waste: can be adopted as aggregate, showing inferior splitting-tensile and com-
pressive strength than ordinary concrete. However, it has higher ductile performances
as it absorbs a larger quantity of plastic energy under dynamic actions [112].

Plastic waste: plastic bottles and polythene bags can replace fine aggregate in
lightweight concrete mixture. On one hand, sand-substitution reduces the compressive
strength by 10-20% [113]; on the other hand, the workability improves [114].
Recycled coarse aggregate (RCA): derived from construction and demolition, can
replace 100% of virgin quarry aggregates [115], but also improve the durability and
the microstructure of traditional concrete. However, current use of RCA for structural
applications is scarce [116].
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6.2.1.3 3D Printing

Digital fabrication techniques combined with suitable cementitious materials have successfully
led to the implementation of innovative manufacturing processes for concrete-like products [70].
We focus on the Layered Extrusion (LE) technology, since this technique has been already
successful in the production of polymeric customized parts. LE is expected to revolutionize
the concrete construction industry, mainly due to the following reasons [70]:

freedom in terms of the design of shapes (enabling new aesthetic and functional features)
reduction in construction time and expenses

improved worker safety

better quality and reliability

material savings, and, consequently, sustainability

On the other hand, engineering challenges are several:

larger machines requirements [32]
design and characterization of materials
implementation of reinforcement
surface finishing

formation of cold joints [41].

Moreover, fresh printed materials should satisfy specific rheological requirements in order to
achieve an optimized balance between workability and extrudability, on the one hand — which
would require reduced pumping forces — and the need for buildability (i.e. ability to stacked
concrete layers) on the other — which would require an increased strength.

For small batch production (up to 10,000 items), the AM cost/production relationship is
more affordable than injection molding (Fig. 6.5) [30]. Potential Layered Extrusion business
areas related to construction sector are several as well, and are highlighted in Fig. 6.5.
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Figure 6.5: Diagram of cost case and applications for additive manufacturing, after [30].

In general, the equipment (Fig. 6.6) for LE technology is composed by [40]: 0. System
command; 1. Robot controller; 2. Printing controller; 3. Robotic arm (Fig. 6.7, left) or
Overhead crane (Fig. 6.7, right); 4. Printing head; 5. Accelerating agent; 6. Peristaltic pump
for accelerating agent; 7. Peristaltic pump for premix; 8. Premix mixer; 9. 3D printed object.
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Figure 6.6: Schematic of the 3D printing setup, after [40].

3D printing of geopolymers

Several additives are studied to act as plasticizers (or superplasticizers). They can be divided
into organic (charged particles) such as lignosulfonate (LS), polynaphthalene sulfonate (PNS),
polycarboxylate ether (PCE), polymelamine sulphonates and vinyl copolymers; inorganic ad-
ditives, namely clays (bentonite, montmorillonite, kaolinite, sepiolite, organic nanoclays...),
polymeric fibers, either natural or artificial such as cellulose, polyvinyl acetate, polypropylene
or polyethylene fibers. The latter group exhibits shear thinning (i.e. decrease of the apparent
viscosity by increasing the shear rate) due to their opposing surface charges, which gives rise
to a house of cards structure that can form at rest and break down under shear, whereas after
extrusion they can be expected to help the material to remain in place. Just to mention the
widespread possibilities of GP, the 3D printing of geopolymers are considered also by NASA
for Moon and Mars construction building with lunar and Martian regolith [117].
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Figure 6.7: Robotic arm (left, after [37]), Overhead crane (right, after [30].
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6.2.1.4 Optimized Concrete Panels

European goals for the year 2030 show an increased interest in sustainability in general [118§]
with a major focus on energy efficiency of buildings, responsible for about 40% of the pri-
mary energy consumption [119]. As a response to this sustainability issue, EU measures
introduced by Energy Performance Building Directive (EPBD) 2010/31/EU (as modified by
Directive 2018/884) establish that new buildings should meet minimum energy performance
requirements, introducing the concept of nearly zero-energy buildings (n-ZEB) identified as
the reference target for new buildings starting from 2020. In Italy, residential buildings ac-
counts for 57% of primary energy consumption, where space heating alone is responsible for
66% of the national energy balance in this sector. Specifically, in Lombardy, most of the pri-
mary energy demand comes from the residential sector (in particular, 68% for winter heating,
18% for electric uses, 9% for hot water supply and 5% for cooking [119]). Therefore, high
energy-performance buildings are one of the challenges for regional public attention in terms
of investments among key players of the building sector.

Source description B(a)P (kg year-1) | (%) |Cumulative (%)
Residential heating, traditional stove—wood 1185 32% 32%
Residential heating, closed fireplaces—wood 853 235 5456
Residential heating, open fireplaces—wood 708 19% 73%
Industrial combustion—biomass 282 7.50% 81%
Open burning of agriculture residue 204 5.40% 8656
Institutional and commercial heating, pizza oven—wood 110 2,909 89%
Road transport—diesel 87 2.309% 91%
Residential heating, automatic pellets stove—wood 75 2.0086 93%
Residential heating, innovative stove—wood 58 1.60%6 95%
Industrial combustion—coal 58 1.509 96%
Secondary aluminum smelting 35 0.909% a7%
Forest fires 31 0.80% 98%
Industrial combustion—fuel oil 23 0.60% 99%
Other machinery—diesel 11 0.30% 999
Fluid catalytic cracking 10 0.26% 99%
Road transport—gasoline 8.2 0.22% 100%
Tire and break wear 7.6 0.209% 100%
Steel production 4.9 0.13% 100%
Other metallurgical processes 1.9 0.05% 100%
Industrial waste incineration 1.4 0.04% 100%
Residential heating, small boilers—gas oil 1.2 0.03% 100%
Energy production, district heating—biomass 0.56 0.01% 100%%
Off road transport—diesel 0.34 0.01% 100%
Institutional and commercial heating, small boilers—gas oil 0.2 0.01% 100%
Energy production—natural gas 0.16 0.00%%6 100%
Secondary lead smelting 0.12 0.00%% 100%
Residential heating, small boilers—natural gas 0.12 0.008% 100%
Institutional and commercial heating, small boilersmatural gas 0.035 0.00%%6 100%
Agriculture waste incineration 0.016 0.00% 100%
Road transport-LPG 0.0079 0.00% 100%
Municipal solid waste incineration 0.0076 0.009% 100%
Road transport-natural gas 0.00023 0.00%6 100%
TOTAL 3758 100%

Figure 6.8: Emission of B(a)P pollutant in Lombardy, year 2008, after [120].
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The idea is based on a multidisciplinary approach that starts from the following considera-
tions:

e 3D concrete printing will transform today’s architecture. This development has to con-
sider sustainability issues, both for material and construction methods;

e Waste material and industrial by-product recycling is feasible and documented in con-
struction mixings. However, no AM technologies are applied to waste-based concretes;

e [talian atmospheric particulate matter emission due to residential heating reaches its
peak in Lombardy (Fig. 6.8, [120]);

e Advantages arising from 3D printing technology in construction can be employed to deal
with Lombardy environmental challenges.

The key role for improving energy performances of buildings is played by their envelope; in
this regard, it is widely recognized that outer walls mostly contribute to the envelope efficiency.
We want face Lombardy’s sustainability challenges through the development of optimized wall
panels, to be integrated in low impact and highly efficient buildings, i.e. suitable for n-ZEB like
buildings. In detail, the optimization will target the sustainable design of the printable mix; the
shape of wall panels in terms of energy (i.e. by minimizing heat transmittance) and mechanical
performances (i.e. by topological optimization) which will be produced through a 3D printing
process and employed as units in customized walls for constructions. By monitoring the
thermal flux at the internal/external surfaces of the wall, the shape optimization will improve
the thermal resistance of the panels, by iterating the evolving topology of the panel itself. At
the same time, the optimization will be completed with a number of topology changes, in order
to get an improvement in construction technology and load bearing behavior. As an example,
Fig. 6.9 shows the conceptual application of optimized concrete panels to the structure,
designed to be long-lasting due to the foundational principles of modularity, disassemblability,
recyclability and reparability.

1)

r;aa;

Figure 6.9: Sketch of optimized concrete panels and their application.
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6.2.2 Impact

Circular economy reformulates economic activities through the 3Rs principle, i.e. Recycle
(regenerating renewable resources), Reduce (decreasing residues and industrial by-products in
the production and consumption processes) and Reuse (extending product and service life-
cycle and lifespan). Therefore, shifting from the traditional one-way linear economy, defined
by the “resource — product — waste” model, to the circular “resource — product — waste —
renewable resource” model, maximal economic and social benefits are pursued through the
minimal resource consumption and environmental costs. We shows an attractive application
of circular economy principles, locally recycling available inputs (industrial by-products and
waste) and integrating waste-reducing manufacturing technologies (3D printing) to reproduce
physical artifacts (optimized concrete panels) that can be reused due to their modularity and
disassemblability. The production of waste-based concrete composites, converting residues in
revenues and opening to highly added-value activities in existing businesses, can be interesting
for the virtuous industrial cluster in Lombardy. Indeed, Lombardy is a suitable area for devel-
oping scientifically and technologically cutting-edge initiatives due to the presence of academic
and financial key actors, generating academic and non-academic spin-offs and increasing the
potential of small and medium-size enterprises.

Recycle

Recycling of municipal waste in the EU, during the period 2008-2016 has increased, and
the contribution of recycled materials to the demand of the overall material shows continuous
improvements. However, on average, recycled materials only meet less than 12% of the EU
demand for materials (source: COM(2019) n.190). For this reason, EU encourages the use
of recycled materials and green concrete fulfills this requirement for two reasons: the use of
waste material for the construction of the new product and the recyclability of the product
at the end-of-life. Italy is the greatest rice producer in the EU-28 (Sorce: Ente Nazionale
Risi - http://enterisi.it) and Lombardy is the second Italian Region (after Piedmont, with
105.000 ha), especially in Pavia, Milano and Vercelli areas (Fig. 6.10). Considering that husks
represent the 20% of the rice refining chain waste products, Lombardy is also one of the main
producers of rice husk ashes (RHA).

The sawmills of northern Lombardy may assure the Saw Dust Ash (SDA), as waste from
wood use, as well as carpentry and construction, and products for wood packaging. Moreover,
in Lombardy several plants could provide fly ash and the other secondary raw materials. The
region is also a territory with a high number of waste-processing plants per capita (Fig. 6.11):
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Figure 6.10: Italian rice cultivation — regional breakdown (2013). Source: Ente risi.
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in detail 3279 waste-processing plants, of which 46 landfills, 45 incinerators and 618 waste-
storage plants (Source: Ente Regione Lombardia - http:// www.cgrweb.servizirl.it), thus, solid
waste incineration fly ash can be used for the cement production.

Moreover, although Lombardy has the biggest Italian recycling plant capacity (Fig. 6.12,
left), it strongly contributes to exporting special waste outside the national borders. In this
specific context, the impact on the waste-processing chain can be significative, promoting re-
cycling of production residues (through a more efficient use of raw materials and dangerous
waste cause of contamination) and a reduction in carbon emissions (as the production site

b F
‘.luz'ul:h'r.lzll'

!
"y

N
VArESE i
Comu

Lacco

-

Eﬂ == IR f
'. "
Busto Arsizio . .
MonEa i

SE50 S0n
Rhe {3 crelmi

=] Mikan i)

Em
fies s

Wigevara

Acnam .
.-
- Favia
7]

=1 I i

Trenglio |EE|

Chaona Brano Temms

San Pelepgiing

T#rmat 34 |

Lovere

Bergami..

Dalmme | = lima

= 5l
i 'q;m:m _ -
=@
Mentchiar

Lrama Pl arsat e s

i

Codogna

=3 .
A Cramana [:!u&:l

Figure 6.11: Lombardy waste-processing plants (2018). Source: Regione Lombardia.

" JEENENN Fpri
MO I e
1 B 38 RO e

BEDOO

e RS
| BEEER AR e
N O
[ R TR e
| PR O

[ ERFL 5 T

S I

e R0 DY Mo peopd I D VOMD KK 00D 0 g

k13

Figure 6.12: Italian recycling plant capacity (left) — Special waste export from Italy (right).

Source: Ministero dell’Ambiente (2008).



6.2. Vision for future work 125

will be closer to the consumer). In Northern Italy, even if the scenario is prosperous, the
waste theme is divisive; however, interesting start-ups and commercial players are investing
in the recycling sector, supporting sustainable and cheaper technologies currently generat-
ing profits and producing revenues for shareholders. In general, the active involvement of
high-potential research players will be encouraged, in order to make leading-edge technologies
more diffused, collaborative and closer to the society. The implementation of a green supply
chain management can maximize the resource utilization, reduce the resource consumption
and enhance Lombardy’s national and international reputation, improving and promoting the
compatibility between enterprises toward long-term economic and social benefits. According
to the eco-design principle, panels can be designed as disassemblably products in order to
reuse valuable materials and components of the products at the end-of-life. In this way, the
circle of the recycle will not be stopped.

Reduce

Innovative manufacturing processes will be designed to adapt the most common and
widespread 3D printing technologies (the Layered Extrusion) to the synthesis of advanced
waste-based concrete materials. 3D printing technologies are progressively having massive
impacts on manufacturing processes worldwide, representing a new industrial revolution for
the mass customization of industrial products (Fig. 6.13). Even in construction engineering
processes, digital fabrication techniques offer several competitive advantages respect to the
more traditional ones, mainly due to reduction in: construction time and cost (for labor and
formwork), geometrical shape restraints (freeform architectures), material waste (due to its
intrinsic nature and especially with respect to formwork, optimizing the shape complexity)
and unexpected events [37]. Moreover, since production of the modular parts will be localized
and moved closer to the market, the carbon footprint of the whole production process will
be reduced, as greenhouse gas emissions due to transport distribution and imports. Not to
mention that the use of the 3D printing technology can lead, on the health and social side, to
a reduction of accidents and deaths at work.

The production of 3D-printed waste-based concrete objects certainly represents a radically
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new line of process. This project will provide the Proof-of-Principle of such a new scientific
opportunity, completely defining the synthesis process and improving 3D printing facilities
through the development of dedicated equipment.

Reuse

Our ambition is a concrete panel optimized in terms of energy and mechanical properties
and generated by means of a 3D printing process, in conjunction with waste-based concrete
materials, aiming to provide affordable and sustainable housing solutions. We will demon-
strate to have a deep impact on manufacturing processes, through the fabrication of economic
and customized parts that will be assembled in a customized living module, behind a simple
idea: optimized design, recycled local materials, designed to be rapidly 3D printed and easy
to assemble, compensating costs with mass production, toward a nearly zero-emission build-
ing. The panel is designed to transfer its housing role, due to the foundational principles of
modularity, disassemblability, recyclability, reparability, maintenance, substitution and reuse.
Once a product has been produced and located for the building construction, its lifetime can
be extended through reuse and repair, hence avoiding wastage.
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