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What we know is a drop, what we don’t know is an ocean.
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SUMMARY

Adding extra functionality to cementitious materials will enhance the capabilities of un-
derstanding the use of structures where they are used and at the same time increase its
life span. The construction industry is one of the most important economic sectors in
many countries. Therefore, efforts to improve its productivity can result in significant
developments in the economy of a region. Higher productivity can be achieved for in-
stance by means of process automation, by adding value to the product generated with
an activity or via the extension of the use of a given asset.

The use of automation in the construction sector has been a challenge that many
companies and researchers have dedicated time searching for improvements and un-
derstanding. The large complexity of the activities together with the big social impact of
a durable solution are some of the challenges that impose difficulties on the implemen-
tation of new technologies in this sector.

The use of machinery to facilitate the movement of heavy products is largely adopted
in the building industry. However, only lately the automation of complex activities gained
space. The employment of extrusion-based additive manufacturing also largely called
extrusion-based 3D concrete printing (3DCP), to help on the production of building el-
ements has shown large potential to address some difficulties, such as manufacturing of
complex geometries. Moreover, the rational use of materials quickly show potential to
help this industry address the environmental targets aimed by the society.

Additionally, the use of unreinforced mortar in this new construction technique has
also demonstrated limitations. The brittle nature of the material used for extrusion im-
plicates in the building phase in limitation on the usage of the technology, incorporation
of external reinforcement or in designs where limited tensile forces are required. To ad-
dress this issue, this work proposes the use of strain hardening cementititous composites
(SHCC). A rational methodology is proposed to adapt available mix-designs in literature
for the requirements of extrusion as a casting technique.

Two SHCC mixtures available in literature were used for the studies. Mix-design pa-
rameters such as the influence of water-to-solid ratio, fibre volume percentage, super-
plasticizer and viscosity modifying admixture (VMA) content on the fresh state proper-
ties were investigated. The use of a ram extrusion experiment together with the Benbow-
Bridgwater model was proposed to evaluate the rheological properties of the materials.
The rheological characterization has shown that the use of chemical admixtures and a
low water-to-solid ratio was necessary to achieve a dough-like consistence needed for
extrusion based 3DCP. These admixtures were also closely correlated to the shape of
the output material from the ram extrusion test. Selected mixtures were evaluated with
pumping trials when the extrusion capabilities were confirmed. Using cast samples, the
mechanical performance of the modified mixtures was evaluated, and the strain hard-
ening was confirmed through four-point bending tests and uniaxial tensile test.

xv
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Using two adapted SHCC mixtures for extrusion, several elements were printed aim-
ing to investigate the influence of this new construction technique in the performance
of the material. Long beam elements with one, two, three and four printed layers were
manufactured. Samples from these elements were taken and mechanical tests in differ-
ent directions as well as microstructure investigations were performed. It was concluded
that extrusion based 3DCP induces the creation of a preferred plane of orientation of the
fibres. This preferential orientation guarantees strain hardening performance when the
composite is loaded in two directions: parallel and perpendicular to the printing direc-
tion for the same printing plane. No ductility was observed when samples were loaded
in tension perpendicular to the printing plane (layer interface bond strength). Never-
theless, it was also found that the interface between the printed layers was not a week
spot in the material. Besides the strain hardening performance the overall ductility was
considered low in comparison with the original SHCC and with other results available in
the literature. This low energy absorption was explained later when large air void con-
tent was observed with the help of a micro computered tomography (µCT scan) tests.
This test also helped in clarifying that the interface region between two printed layers
had the lowest air void content through the height of the sample. Therefore, the study
of the printed SHCC concluded that an anisotropic behaviour should be expected when
this new building technique is used and that printing settings might have significant in-
fluence on the performance of the manufactured element.

During the previous investigations it became clear that the use of chemical admix-
tures were crucial for the development of extrudable fibre reinforced cementitious com-
posites. Especially the use of VMA was proved essential to achieve the required rheologi-
cal properties. As the use of such admixture in Portland cement-based materials was not
fully understand a microstructure characterization was necessary. Several characteri-
zation techniques were used to investigate the hydration development. An anomalous
formation of portlandite was observed in electron and optical microscopy. The large
quantities of this mineral were confirmed using other techniques. The use of the ad-
mixture was also correlated with delays on the setting time, promoting internal curing,
higher degree of hydration and high air void content. The use of VMA might lead to
consequences in the hydration process of Portland cement and therefore, the use of this
shall be used carefully. Nevertheless, some of the side effects might be wisely used to
improve other properties of the cementitious composites.

Moreover, the development of specific materials to be used in 3DCP also opens the
possibility to incorporate extra functionalities. In vision with the possibilities found for
this type of material, in this work two extra properties in cementitious composites were
investigated namely self-sensing and autogenous self-healing. The influence of the use
of VMA and cellulose pulp in the autogenous self-healing performance of matrices rich
in Portland cement or blast furnace slag was investigated. It is known that the natural fi-
bres embedded in Portland cement matrix are susceptible to degradation when exposed
to wetting and drying cycles. Therefore, two extra conditions were also evaluated during
this research: fibre pre-treatment (hornification cycles) and accelerated ageing cycles
(wetting and drying). Two techniques were used to quantify the healing performance:
analysis of images obtained from µCT scan tests and water permeability tests. The re-
sults showed that the autogenous self-healing performance of Portland cement rich ma-
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trices are largely influenced by the volume of VMA. The large volume of air voids and the
anomalous formation of portlandite observed in the microstructure evaluation might be
the explanation for this enhanced property. On the other hand, blast furnace slag rich
matrices did not show this influence.

Regarding the samples using un-treated natural fibres an improved performance was
observed for both evaluated fibre content. Moreover, the same results were not found in
samples with pre-treated fibres. As the pre-treatment decreases the water absorption of
these fibres the autogenous self-healing performance is also hindered since keeping the
moisture for longer periods in the sample is crucial. In general a very low autogenous
self-healing performance for samples submitted to accelerated ageing cycles was ob-
served. Only samples with fibres exposed to 10 pre-treating cycles demonstrated some
level of protection against the accelerated ageing cycles. It is not clear if the low auto-
genous self-healing performance of aged samples is related to the ageing of the fibres or
the densification of the matrix. Unfortunately, very limited correlation between the two
techniques used to quantify the autogenous self-healing performance was found.

The second extra property investigated was the development of SHCC with self-sensing
properties. The influence of multi-wall carbon nanotubes on the piezoresistive proper-
ties of the composite was investigated. While loading the samples with an uniaxial ten-
sile force an impedance measurement was performed. The comparison of the evolution
of the capacitance and the resistance in comparison with the deformations on the com-
posites lead to the development of factors. These factors were used to list the sensitivity
of the composite to the deformation and to the damage on the sample with the amount
of carbon nanotubes used on the sample. The research showed that SHCC doped with
CNT are able to be used as a strain sensor and that the use of alternate current shows
significant advantages in comparison with direct current.

As it was reported in this thesis the development of smart SHCC to be applied in
the extrusion based 3DCP is possible. The potential of extra properties to be embedded
in this composite was explored as well as characterization techniques for the fresh and
hardened state of this material. It is believed that the development of new materials will
bring further understanding in areas where the building industry is lacking knowledge
such as rheology of cementitious materials. Finally, this is also an important opportunity
for this economic sector to address the environmental challenges by means of use of new
technologies and more sustainable materials.
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Het toevoegen van extra functionaliteit aan cementgebonden materialen zal bijdragen
aan een beter begrip van de mogelijke toepassingen van deze materialen in constructies
en tegelijkertijd de levensduur ervan verlengen. De bouwsector is in veel landen een van
de belangrijkste economische sectoren. Daarom kunnen inspanningen om de producti-
viteit te verbeteren leiden tot aanzienlijke ontwikkelingen in de economie van een regio.
Een hogere productiviteit kan bijvoorbeeld worden bereikt door middel van procesau-
tomatisering, door waarde toe te voegen aan het product dat met een activiteit wordt
gegenereerd of door de levensduur van een gegeven asset te verlengen.

Het gebruik van automatisering in de bouwsector is een uitdaging geweest waaraan
veel bedrijven en onderzoekers tijd hebben besteed on te zoeken naar verbeteringen en
begrip. De grote complexiteit van de activiteiten samen met de grote maatschappelijke
impact van een duurzame oplossing zijn enkele van de uitdagingen die de implementa-
tie van nieuwe technologieën in deze sector bemoeilijken.

Het gebruik van machines om de verplaatsing van zware producten te vergemakke-
lijken is reeds geïmplementeerd in de bouwsector. Pas de laatste tijd heeft de automati-
sering van complexe activiteiten echter zijn intrede gedaan. Het gebruik van op extrusie
gebaseerde additieve productie, ook wel extrusie gebaseerd 3D-betonprinten (3DCP) ge-
noemd, om te helpen bij de productie van bouwelementen, heeft een groot potentieel
getoond bij het tackelen van enkele bottlenecks, zoals de productie van complexe geo-
metrieën. Bovendien blijkt uit het rationele gebruik van materialen al snel het potentieel
om deze industrie te helpen bij het behalen van de milieudoelstellingen die de samenle-
ving nastreeft.

Bovendien heeft het gebruik van ongewapende mortel in deze nieuwe constructie-
techniek ook beperkingen aangetoond. De brosse aard van het materiaal dat wordt
gebruikt voor extrusie brengt ook beperkingen met zich mee, zoals de noodzaak voor
integratie van externe versterking of het slechts toepassen in ontwerpen waar slechts
beperkte trekkrachten aanwezig zullen zijn. Om dit probleem aan te pakken, stelt dit
onderzoek het gebruik voor van Strain Hardening Cementitious Composites (SHCC). Er
wordt een rationele methodologie gepresenteerd om beschikbare mengsel-ontwerpen
in de literatuur aan te passen aan de vereisten van 3D printen.

Voor de studies werden twee in de literatuur beschikbare SHCC-mengsels gebruikt.
Mix-ontwerpparameters zoals de invloed van de water-tot-vaste-stof-verhouding, het
vezelvolumepercentage, superplastificeerder en het gehalte aan viscositeitsmodificerende
hulpstof (VMA) op de eigenschappen van de verse mortel werden onderzocht. Het ge-
bruik van een ram-extrusie-experiment samen met het Benbow-Bridgewater-model werd
voorgesteld om de reologische eigenschappen van de materialen te evalueren. De reo-
logische karakterisering heeft aangetoond dat het gebruik van chemische hulpstoffen
en een lage verhouding water/vaste stof nodig was om een deegachtige consistentie te
bereiken die nodig is voor op extrusie gebaseerde 3DCP. Deze toevoegingen waren ook
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nauw gecorreleerd met de vorm van het materiaal dat uit de ram-extrusietest kwam. Ge-
selecteerde mengsels werden geëvalueerd met pompproeven toen de extrusiemogelijk-
heden postitief resultaat toonden. Met behulp van gestorte monsters werd de mechani-
sche prestatie van de gemodificeerde mengsels geëvalueerd en werd de strain hardening
eigenschap bevestigd door middel van vierpuntsbuigtesten en eenassige trektesten.

Met behulp van twee aangepaste SHCC-mengsels voor extrusie werden verschillende
elementen geprint om de invloed van deze nieuwe constructietechniek op de prestaties
van het materiaal te onderzoeken. Lange stroken met één, twee, drie en vier geprinte
lagen werden vervaardigd. Er werden monsters genomen van deze elementen en er
werden mechanische testen in verschillende richtingen uitgevoerd alsook microstruc-
tuuronderzoeken. Er werd geconcludeerd dat op extrusie gebaseerde 3DCP leidt tot een
voorkeursoriëntatievlak van de vezels. Deze voorkeursoriëntatie garandeert strain har-
dening gedrag wanneer de composiet in twee richtingen wordt belast: evenwijdig aan
en loodrecht op de printrichting voor hetzelfde printvlak. Er werd geen ductiliteit waar-
genomen wanneer monsters onder spanning loodrecht op het printvlak werden belast
(hechtsterkte tussen de lagen). Toch bleek ook dat het hechtvlak tussen de geprinte la-
gen niet een zwakke schakel was in het materiaal. Relatief gezien is de ductiliteit van
het geprinte materaal echter laag in vergelijking met de oorspronkelijke SHCC en met
andere resultaten die beschikbaar zijn in de literatuur. Deze lage energie-absorptie werd
later verklaard toen een grote porositeit werd waargenomen met behulp van een micro-
computertomografie (CT-scan). Deze test hielp ook om te verduidelijken dat het grens-
gebied tussen twee geprinte lagen het laagste gehalte aan porositeit had gezien over de
hoogte van het proefstuk. Daarom is geconcludeerd dat van de geprinte SHCC een ani-
sotroop gedrag moet worden verwacht wanneer deze nieuwe bouwtechniek wordt ge-
bruikt en dat printinstellingen een aanzienlijke invloed kunnen hebben op de prestaties
van het gefabriceerde element.

Tijdens de eerdere onderzoeken werd duidelijk dat het gebruik van chemische hulp-
stoffen cruciaal was voor de ontwikkeling van extrudeerbare vezelversterkte cement-
composieten. Vooral het gebruik van VMA bleek essentieel om de vereiste reologische
eigenschappen te bereiken. Aangezien het gebruik van een dergelijke hulpstof in mate-
rialen op basis van portlandcement niet volledig duidelijk was, was een karakterisering
van de microstructuur noodzakelijk. Verschillende karakteriseringstechnieken werden
gebruikt om de hydratatieontwikkeling te onderzoeken. Een afwijkende vorming van
portlandiet werd waargenomen in elektronen- en optische microscopie. De grote hoe-
veelheden van dit mineraal werden met andere technieken bevestigd. Het gebruik van
de hulpstof was ook gecorreleerd met vertragingen in de uithardingstijd, de mogelijkheid
om te worden gebruikt voor interne uitharding, een hogere mate van hydratatie en een
hoog gehalte aan luchtbellen. Het gebruik van VMA kan gevolgen hebben voor het hy-
dratatieproces van portlandcement en daarom moet het zorgvuldig worden toegepast.
Desalniettemin kunnen sommige van de bijwerkingen slim worden gebruikt om andere
eigenschappen van cementgebonden composieten te verbeteren.

Bovendien opent de ontwikkeling van specifieke materialen voor gebruik in 3DCP
ook de mogelijkheid om extra functionaliteiten in te bouwen. In dit onderzoek zijn twee
extra eigenschappen van cementgebonden composieten onderzocht, namelijk moge-
lijkheden voor self-sensing en autogene self-healing.
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De invloed van het gebruik van VMA en cellulosepulp op het autogeen zelfherstel-
lend vermogen van matrices rijk aan portlandcement of hoogovenslakken werd onder-
zocht. Het is bekend dat de natuurlijke vezels ingebed in de matrix van portlandcement
vatbaar zijn voor degradatie wanneer ze worden blootgesteld aan vocht-droogcycli. Daarom
werden tijdens dit onderzoek ook twee extra condities geëvalueerd: vezelvoorbehan-
deling (verhoorningscycli) en versnelde verouderingscycli (bevochtigen en drogen). Er
werden twee technieken gebruikt om de zelfherstellende eigenschap te kwantificeren:
analyse van beelden verkregen uit CT-scantesten en waterdoorlatendheidstesten. De re-
sultaten toonden aan dat de autogene zelfherstellende prestatie van matrices die rijk zijn
aan portlandcement grotendeels wordt beïnvloed door het volume VMA. Het grote vo-
lume aan luchtholtes en de abnormale vorming van portlandiet waargenomen in de mi-
crostructuurevaluatie kunnen de verklaring zijn voor deze verbeterde eigenschap. Aan
de andere kant vertoonden matrices die rijk zijn aan hoogovenslakken deze invloed niet.

Met betrekking tot de monsters die onbehandelde natuurlijke vezels gebruikten, werd
een verbeterde prestatie waargenomen voor beide geëvalueerde vezelgehaltes. Boven-
dien werden dezelfde resultaten niet gevonden in monsters met voorbehandelde ve-
zels. Aangezien de voorbehandeling de wateropname van deze vezels vermindert, wordt
ook het autogene zelfherstellende vermogen belemmerd, aangezien het cruciaal is om
het vocht gedurende langere perioden in het monster vast te houden. Over het alge-
meen werd een zeer lage autogene zelfherstellende werking waargenomen voor mon-
sters die werden onderworpen aan versnelde verouderingscycli. Alleen monsters met
vezels die zijn blootgesteld aan 10 voorbehandelingscycli vertoonden een zekere mate
van bescherming tegen de versnelde verouderingscycli. Het is niet duidelijk of de lage
autogene zelfherstellende prestatie van verouderde monsters verband houdt met de ver-
oudering van de vezels of de verdichting van de matrix. Helaas werd een zeer beperkte
correlatie gevonden tussen de twee technieken die werden gebruikt om de autogene zelf-
herstellende prestatie te kwantificeren.

De tweede extra onderzochte eigenschap was de ontwikkeling van SHCC met zelf-
waarnemende eigenschappen. De invloed van meerwandige koolstofnanobuisjes (CNT)
op de piëzoresistieve eigenschappen van de composiet werd onderzocht. Tijdens het be-
lasten van de monsters met een uniaxiale trekkracht werd een impedantiemeting uitge-
voerd. De vergelijking van de evolutie van de capaciteit en de weerstand in vergelijking
met de vervormingen op de composieten leidt tot de ontwikkeling van factoren. Deze
factoren werden gebruikt om de gevoeligheid van de composiet voor de vervorming en
de schade aan het proefstuk in kaart te brengen in relatie tot de hoeveelheid koolstof-
nanobuisjes die in het proefstuk. Uit het onderzoek bleek dat SHCC’s met CNT kunnen
worden gebruikt als spanningssensor en dat het gebruik van wisselstroom aanzienlijke
voordelen biedt ten opzichte van gelijkstroom.

Zoals gemeld in dit proefschrift is de ontwikkeling van slimme SHCC voor toepassing
in de op extrusie gebaseerde 3DCP mogelijk. Het potentieel van extra eigenschappen die
in dit composiet kunnen worden ingebed, werd onderzocht, evenals karakteriserings-
technieken voor de verse en uitgeharde toestand van dit materiaal. Er wordt aangeno-
men dat de ontwikkeling van nieuwe materialen meer begrip zal brengen op gebieden
waar het de bouwsector aan kennis ontbreekt, zoals de reologie van cementgebonden
materialen. Ten slotte is dit ook een belangrijke kans voor deze economische sector om
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de milieu-uitdagingen aan te pakken door middel van nieuwe technologieën en duurza-
mere materialen.
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INTRODUCTION

Viver - não é? - é muito perigoso.
Porque ainda não se sabe. Porque aprender-a-viver é que é o viver, mesmo.

João Guimarães Rosa, Grande Sertão: Veredas

Living is a dangerous business, isn’t it?
Because we are still ignorant. Because learning-to-live is living itself.

João Guimarães Rosa, The Devil to Pay in the Backlands

This chapter introduces the thesis and shows the thesis outline. Here a very brief intro-
duction to the entire content of the thesis is given. The importance of research devoted to
improve autonomous techniques for the construction market is also emphasized.

1
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1.1. INTRODUCTION

T HIS book is the summary of the research developed during the PhD studies of the au-
thor when the development of smart cementitious materials is explored. The work is

done in the context of enhancing autonomous mechanisms in the construction industry,
from the fabrication till the building usage.

The construction industry plays an important role on the social and economical con-
text of modern society. An efficient use of what was built in the past and what will be built
in the future is crucial for people, providing sheltering, ways of transportation and com-
munication, for example. Therefore, rational use of resources is crucial for the success
of a society in the long term.

In the past centuries, production in large scale has shaped society and provided dif-
ferent sort of goods and services. Intense use of natural resources coupled with the
power of industrially modify them to the needs of the people have made expansion of
the population possible. Latter in evolution the use of computers made possible a better
understanding of the use of these resources and intensified the possibility of automation
of repetitive tasks.

The construction industry has also followed this societal evolution and created dif-
ferent process and technologies to use most of the resources extracted form the nature.
Mastering the possibility of mass production the built area of many countries expanded.
Nowadays, the need of expansion still exists, meanwhile the need of preserving what was
built becomes more important with the time.

Currently, a digital era is showing the importance of collecting and transforming data
in information. Advancements in robotics brings the possibility to transfer drawings to
commands that can be applied to as many repetitive tasks as the users creativity de-
mands. From factories to laboratories, robotics can play an important role in raising the
efficiency of society. Automation might be used to prevent accidents, easing the work-
load for the good of people or to raise productivity and resources allocation for the good
of the capital. In either circumstance, it is inevitable to note that technology is important
for the progress.

Often, the construction industry is accused to be very slow and conservative when
applying new technologies and solutions. For many reasons, this was not different in
the incorporation of automation to their activities.

In this context this PhD thesis decided to explore the possibilities to contribute to the
use of automation in the construction industry. More specifically, the aim is to improve
and/or develop techniques to enhance the use of autonomous technologies in this in-
dustry. With the focus on the materials, this research was dedicated to develop a fibre
reinforced cementitious composite with enhanced properties that can be used in the
construction phase and during the service life of this material. Somehow, this compos-
ite could play a smart role on the commissioning phase of the building and at the same
time adapted for new construction methods that will be further explored in this book.
Furthermore, this research aims also to address questions related to the development of
the material, such as:

• How to develop fibre reinforced cementitious composites that can be used by ad-
ditive manufacturing in the building industry?
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• What might be incorporated to these cementititous composites that could bring
additional functionalities to this material?

• What might be the consequences of the use of the selected materials on the com-
posites characteristics?

1.2. THESIS OUTLINE
The thesis outline is given in figure 1.1. From the first chapter until the last one the devel-
opment, characterization and some added functionalities to printable strain hardening
cementitious materials are discussed.

An overview of the use of smart cementitious materials, focusing on the importance
of automation since the construction phase, until the maintenance of the building is
given in the second chapter of this book. In this chapter the use of composites for addi-
tive manufacturing, self-healing and self-sensing applied in the construction industry is
approached.

In the following two chapters (3 and 4) the development of printable strain hardening
cementitious composites is discussed. A rheological approach is proposed and the influ-
ence of each mixture component is evaluated in the fresh state. Moreover, two mixtures
were developed. One of them containing large volumes of blast furnace slag and the
other with large volumes of fly ash together with the use of sand as aggregate. Further,
in chapter 3 printed elements were tested and the strain hardening performance was
confirmed, in addition of several other discoveries such as the influence of the printing
methodology, the fibres distribution and a larger than usual air-voids content.

To achieve such rheological properties, printable mixtures must be manipulated with
care and the use of some chemical admixtures is needed. Therefore, the influence of the
use of hydroxypropyl methylcellulose (HPMC) in the cement hydration is discussed in
chapter 5. Interesting finds are shared in this chapter, for instance explaining the reason
behind the higher amount of air-voids in printable materials and a higher and anoma-
lous grow of portlandite. These finds made the author rise the question that would result
in the following chapter of this thesis. Would this different portlandite formation some-
how influence the autogenous self-healing performance of printable materials?

The answer for this question was discussed in chapter 6. Pure Portland cement paste
and blended with blast furnace slag pastes with different contents of HPMC were evalu-
ated. Additionally, the use of natural fibres to work as a water reservoir in the composite
whenever the material gets saturated was proposed. The investigation concluded that
the the use of HPMC indeed enhanced the autogenous self-healing performance of ce-
mentitious materials. Moreover, the use of natural fibres could also enhance this perfor-
mance but, could only keep the autogenous healing efficiency for longer periods of time
if they were treated before used in the composite.

In the end, the use of SHCCs to be employed as strain sensor is discussed in the chap-
ter 7. In order to enhance the piezoresistivity performance of the same material used as
a base for the development of one of the printable mixtures, the SHCC was doped with
carbon nano-tubes. The electrical impedance of the composite was measured while the
specimens were loaded in tension. During this investigation the separate use of the resis-
tance and the capacitance of the material is proposed. In this research it was observed
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that these two electrical measurements could deliver different information during the
tensile load. While one was more efficient in the elastic phase, the other was very valu-
able during the plastic phase.

Finally, chapter 8 brings the conclusions and a final overview of the study after all
the investigations. Along with the conclusions, suggestions for future works are given for
this challenging and inspirational research field.
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Chapter 1
Introduction

Chapter 2
Smart constructions: An overview from the
building phase to the durability surveillance

Chapter 3
An approach to develop printable strain

hardening cementitious composites

Chapter 4
Characterization of printed strain
hardening cementitious composites

Chapter 5
Effect of viscosity modifier admixture on Port-

land cement paste hydration and microstructure

Chapter 6
An investigation of the autoogeneous self-healing
performance of printable cementitious materials

Chapter 7
Piezoresistive properties of cementi-

tious composites reinforced by PVA fibres

Chapter 8
Conclusions and furhter research

Figure 1.1: Thesis Outline.





2
SMART CONSTRUCTIONS: AN

OVERVIEW FROM THE BUILDING

PHASE TO THE DURABILITY

SURVEILLANCE

Education is the most powerful weapon which you can use to change the world

Nelson Mandela

Lately, attention has been given on the development of a new construction technique
namely 3 dimensional (3D) printing. This technique has demonstrated its potential to
address the lack of automation during the building phase. Due to the development of this
new way of building, adjustments on the materials must still be accomplished. In addi-
tion, this has also brought the possibility of incorporating of new materials to this industry.
Aiming for an extended service life of construction materials much effort has been given on
the development of new technologies that are able to monitor and even act when a dam-
age occurs, such as self-sensing and self-healing. Great achievements were made through
research on the development of smart solutions for the construction industry. These efforts
have enabled new options for designing new building materials that are able to provide
feedbacks to the users during their service life and even act to protect themselves. These
new technologies collaborate with the efforts of decreasing the environmental impact of
this industry and provide better materials for the increasing demand of automated struc-
tures.

Parts of this chapter have been published in Figueiredo S.C., Çopuroğlu O., Schlangen E. (2018) Smart con-
structions: An overview from the building phase to the durability surveillance. 13th International Congress on
Advances in Civil Engineering. 2018. September 2018, Izmir [1]
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2.1. INTRODUCTION

D URING the past few years the construction industry has not developed significantly
regarding its automation. From the building phase until its service life surveil-

lance structures are usually not able to provide information to their users in real time.
A lot of efforts has been put on the design and building phase, bringing process con-
trol techniques and efficiency benchmarks from industrial engineering. Significant im-
provements were achieved on the design phase. However, on the building phase these
techniques have only improved the industry management. Lately, attention has been
paid on the development of a new technique of construction. The printing of structural
elements has demonstrated its potential to address the lack of automation during the
building phase. Due to the development of this new way of building, adjustments on the
materials must still be accomplished. In addition, this has also brought the possibility
and the need of incorporation of new materials to this industry.

From the structural service life point of view, very few has been achieved. Until today,
durability reports are very dependent on field observations and damage alarms. Mon-
itoring structures through sensors only happens when some problem is reported, and
sometimes a repair is already too late to preserve and prolong the service life. The lack
of real time assessment of structures makes almost impossible the development of any
automation script to alarm in case of capacity overhead. Aiming for an extended service
life of construction materials, much effort has been given on the development of new
technologies that are able to monitor and even act when a damage occurs. Two exam-
ples are given:

Self-sensing techniques have been on the spot light for some years. These compos-
ites were developed doping cementitious materials with electrical conductive particles.
The result is a cementitious composite that is able to change its electrical resistivity when
its dimensional stability changes, due to tensile or compressive loads. This technique
has a great potential to be employed during the service life of structures, providing data
to be used in real time durability surveillance.

Another technology which has also received attention is the development of self-
healing cementitious composites. Either using its natural capability of closing small
cracks or improving it employing other products, this type of material has potential to
prolong the service life of infrastructure. For instance, the enhancement of autoge-
nous healing capabilities has been reported employing superabsorbent polymers and
the healing of larger cracks were achieved employing selected bacteria.

This paper aims to discuss and make a review of the recent developments from the
building phase till its service life assessment which will lead towards automation for this
field.

2.2. CONSTRUCTION MANAGEMENT
There are several reasons why a process starts to be reviewed, trying to minimize the
resources employed to manufacture a product. Resource problems like its cost, avail-
ability, quality and many others are usually some of the start points to review the way
that a product is made. This review goes from changing the raw materials needed to
make this product, or even change the process of making this product. Industrial and
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process engineers are usually in charge of review and suggests solutions for this type of
problem. Observing how industries approach such a problem, it is possible to under-
stand the importance of this matter. To survive in the market, constantly manufactures
are studying techniques to improve the production of their goods.

In the case of the construction industry, a lot of efforts have been done to bring con-
cepts usually found on the automotive and technological manufactures. The pressure
of competitors, tight schedules, cost of labor work and materials, environmental con-
cerns and consumers requirements are usually the reasons why this industry looks for
technologies from other sectors. Many techniques were successfully adapted from other
industries to the construction sites, e.g. the lean construction, 5S and 6-sigma. These
techniques aim to organize the process of production dividing tasks and providing tools
to measure productivity, for instance [2, 3].

A construction process which can be taken as an example and has clearly changed
over time is the raise of buildings. It is recommended to split the building construc-
tion in several parts like financial feasibility, project development, foundations execu-
tion, structural and nonstructural parts, electric and hydraulic installation, finishing, etc.
From the point of view of the owner of the business, this strategy guarantees that each
phase can be individually optimized, executed by specialized contractors and easier to
be controlled. And from the costumer point of view, the product which will be bought
has a higher chance of having a good quality/price ratio.

An industry which has been totally developed after importing the management tools
to the construction market, was the precast of structural elements. The precast of those
elements can be done in situ or ordered from different companies. Depending on the
degree of complexity of the project to be executed, one of these options can be chosen.
The availability of this type of components for the contractors, has changed the mar-
ket and improved significantly the sector’s productivity. Employing this technology, the
number of tasks to be done on the construction site decreases considerably [4]. There-
fore, the time planed for the execution is more probable to be reached employing less
but more qualified workers. This type of approach, brings the same point of view of for
instance the automotive industry, where a vehicle is assembled in a production line with
its pieces coming from different industries.

Meanwhile the productivity on this sector has significantly rose due to those new
management strategies, the process of building is still labor work intense. In a precast
industry the workers must be deployed to execute several different types of activities, like
assembly and disassembly molds, preparing and positioning steel reinforcement, cast-
ing concrete, operate the logistic of moving each manufactured piece, quality control,
etc. Even though, the productivity of this industry has increased, very little automation
has been developed. The high complexity of structural elements with its reinforcement
and details has always been one of the obstacles.

2.3. ADDITIVE MANUFACTURING
Additive manufacturing (AM) is the terminology used to generally refer to any type of
technology related with the manufacture of a product from a digital design employing
robotic techniques to create the object. AM is commonly referred as three-dimensional
printing (3D printing), as well [5]. Initially this technique was developed to facilitate the
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understanding of two-dimension draws. At that time, the original technique fabricated
three-dimension models composed of several layers of photopolymerized polymers [6].
Furthermore, the technique was considerably improved and automated. It was further
developed to other materials, like other plastics, metals, food and ceramics.

In the case of cementitious materials two techniques has drawn attention: powder
based and counter craft technologies. They are the 3D printing technologies which has
so far demonstrated the greatest potential to be applied in large scale on the construction
industry. They rely on different mechanism of deposition to fabricate the product.

Powder based AM technology uses a powder bed and a laser or an inkjet head to fab-
ricate the objects. A continuous supply of powder keeps filled a reservoir where the ob-
ject is being printed. The head connected to a robotic arm is responsible to put together
the powder available on the reservoir, respecting the drawings created on the computer.
Layer by layer, the object is fabricated, and in the end, it can be withdrawn from the
reservoir [7]. In the case of the laser head, the contour of the object is obtained melting
the supplied powder. This technique has been broadly used to obtain complex shapes
made of metals, polymers, ceramics and it has demonstrated great potential for bio-
logic tissue. In the case of an inkjet head the supplied powder must be a binder. The
inkjet head fabricates the desired object placing layer by layer a small and continuous
amount of liquid which can react with the powder. This technique has been applied to
produce objects made from ceramics [8] and plastics [9]. For both powder based tech-
niques problems are often reported regarding the high temperature reached with the
laser head, leading afterwards to cracks due to thermal movements, high porosity and
poorly chosen binders for the inkjet head [10].

The counter craft technology fabricates the object layer by layer using solid suspen-
sions extruded through a nozzle. The solid suspension must have specific consistence
to provide enough fluidity to be pushed out from a nozzle and keep the desired cross
section shape to form the layer. The counter craft was developed in 2004 by a group
of researchers from the Department of Industrial and Systems Engineering of the Uni-
versity of Southern California in the United States of America [11]. This technique has
been largely applied for researches of construction purpose as it has demonstrated great
potential to be applied in manufacturing of large scale projects. The same group where
the technology was created, has progressed with further experiments demonstrating its
enormous versatility and capability to handle large scale projects [12, 13]. At this same
group a lot of efforts were put on the development of cementitious composites to be
used as raw material for the fabrication of the objects.

The customization that AM brings to the construction market can turn complicated
process of preparing and executing structures of complicated geometries into a normal
task in a construction site. Nevertheless, this type of structure would also be employed
to reduce the total volume of material employed. The possibility of customizing the el-
ements fabricated by AM develops the possibility of smarter designs which will lead to
the reducing of the self-weight of structures [14, 15]. Another positive side of this entirely
new concept of functional structures is the high probability that this way of fabricating
elements will lead to environmental friendly design, when structural materials will be
placed only where it is strictly necessary.

The development of mix designs to be used on AM employing the counter craft tech-
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nology does not follow the same rules of designing a standard mortar or concrete. The
fresh state properties of the material are of extremely importance. Mixture compositions
devoted to being used for 3D printing purposes must have a dough like consistence on
the fresh state. This type of consistence is a key parameter to generate a homogenous
composite [16].

Looking back in the history of cementitious composites, one specific technology
draws attention among others. The extrusion of composites is a very well established
industry, where mixtures are pumped through hoses, pushed out of nozzles, and af-
terwards the composites must retain their shapes, as it will not be further processed.
Those characteristics are very close to what is needed for counter craft technology. In
general extrusion is a technology which has received a lot of attention on the 1980’s,
when different models and experiments were conducted for application mainly on plas-
tic and highly concentrated solid suspensions. In the case of cementitious composites,
of course the technologies created for highly concentrated solid suspensions are of great
importance [17, 18].

In the fresh state, a cementitious mixture can also be faced as a solid suspension. To
keep the quality of such kind of mixture during the extrusion process some attention has
to be given on the particle size distribution of the raw materials and the liquid to solid
ratio. Tailoring those parameters will lead the composite to have a high packing density
and diminish the risk of separation of the liquid and solid phases during the extrusion
process.

Taking care on the development of the mixture to reach a well distributed particle
gradation and an optimum liquid/solid ratio will guarantee a homogeneous, and a sta-
ble shape after the extrusion. However, a particular characteristic of printing materials
must be also addressed. The printing technology fabricates the product layer by layer.
Therefore, the self-weight of higher layers on the lower layers can reach values higher
than the bulk yield stress of the mixture. When it happens, the printed object would un-
fortunately collapse. To achieve better capabilities to hold the pressure generated from
the upper layer, adjustments on the setting time of the printing materials must be done.
The setting time of a printable mix-design must be optimized to be able to be still fresh
when the following layer arrives on top of it and must build strength over time to guaran-
tee that it will never or minimally slump when the consecutive layers are placed on top
of it. Experiments regarding adjustments of the setting time of printable mixtures are
often reported in publications where the development of mixtures is addressed [13]. Al-
ternatively, instead of using admixtures to accelerate the chemical reactions in printable
mixtures which employs ordinary Portland cement, this field opens a window for the
implementation of fast setting binders, such as: geopolymers, alumina, and phosphor
cements, for instance.

Besides the fact that AM can bring innumerous advantages to the construction in-
dustry some problems must still be studied. Problems regarding the lack of ductile re-
inforcement, the high potential of cracking due to plastic and drying shrinkage or poor
bonding between printed layers are some of the issues that must still be subject of re-
search. One of the most direct and important issues that must be addressed is the lack
of reinforcement. In structures, steel reinforcement takes care of tensile and shear loads.
To bring AM as an automation solution for the industry an answer will need to be elab-
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orated for solving this issue. This problem was addressed embedding a metallic wire on
an extruded mortar [19]. The solution proposed by the authors of that publication has
potential to be upscaled and eventually to be implemented on the industry.

The possibility to directly link drawings from the design of the structure to real life,
through AM techniques no doubts bring a new era for the construction industry. This
type of technique can increase considerably the productivity on this sector, which is de-
terminant for the gross domestic product of some countries.

2.4. SERVICE LIFE ASSESSMENT
Infrastructure maintenance is a worldwide problem, due to the high complexity of the
structures and the cost involved in a durability surveillance. Maintenance surveillance
of infrastructure spread in large areas will always be challenging, and resources demand-
ing. Therefore, techniques which improve the efficiency of infrastructure health moni-
toring must be developed [20].

Most of the infrastructure will need repair interventions during their service life. In
the past few years, several projects have been carried out on the development and char-
acterization of different repair materials. Among these, the performance of high ductility
cementitious composites has drawn the attention of different sectors. The importance of
high absorption of energy while loading, possibility of reaching high strains and failure
only after the development of multiple micro-cracks were acknowledged [21].

Furthermore, to keep structures up to date, their service conditions must be as-
sessed. In an ideal situation, the structural and materials design, together with the con-
struction site diary and the reports form the service life assessments during the entire
service life of the equipment could make part of a unique portfolio of the aging process
of a structure. This type of portfolio would be very welcome when any type of diagnostic
of a damage is needed. However, keeping track of the aging of infrastructure is not an
easy task. It is usually an expensive service, involving specialized work, and equipment.

To collect data about the behaviour of the structure over time, different type of sen-
sors can be employed. From the environment surrounding the structure, measurements
from thermometers, hygrometers, pluviometers and seismometers are commonly re-
ported. Meanwhile, displacement transducers, total stations, optic fibres, oscillometers
and even video cameras are some of the examples of sensors employed monitoring the
structure itself [22]. There are several papers reporting the implementation of sensors
to measure already built structures, mainly bridges [23]. In some special infrastructure
cases, where the investments on the health monitoring are higher, the use of several
types of sensor guarantee the safe use of the equipment and a better planning of repair
refurbishment and inspections [24].

2.5. SMART CEMENTITIOUS COMPOSITES

2.5.1. SELF-SENSING
Self-sensing cementitious composites are materials developed by doping brittle matrix
with conductive fillers. Those conductive fillers might have a particle shape like graphite
or steel balls, or they can be used also in fibre form similar to steel or carbon fibres.
Their size can vary from nanometres to a couple of millimetres. The principle of the self-
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sensing cementitious composites relies on the piezoresistive nature of these particles.
The piezoresistive property is defined as a change in the electrical resistivity of certain
material, when this material is subjected to a certain change on its size. Composites that
receive this type of admixture usually demonstrates sensitivity to mechanical strains,
damage and temperature differences.

Han, Ding and Yu, 2015 [25] describes that the electrical conductivity of cementitious
composites with conductive fillers is represented by the contact conduction between the
particles, the tunnelling or field emission conduction and ionic conduction. The contact
conduction is only possible when the particles are in contact with each other. The field
emission conduction can happen only within particles with very sharp edges and close
enough of each other. Finally, the ionic conduction which depends on the availability of
ions to transport the charge. It is important to remember that ionic conduction plays a
very important role on cementitious composites, due to the moisture and porous matrix
properties [25]. It was also demonstrated that in general self-sensing cementitious com-
posite decreases its electrical resistivity when compressive loads are applied and in the
case of tensile loads, the resistivity would go higher [26].

This material has been under development in different research groups worldwide.
Different aspects were approached obtaining interesting results. Conductive fillers were
tested in paste, mortar and on fibre reinforced composites level. Results of the incorpo-
ration of carbon nanotubes [27], graphene [28], carbon black [29], carbon fibres [30] and
even intrinsic ability of composites on sensing damage was detailed in some works.

[31] has demonstrated that standard concrete can be used as damage sensor, if the
electrical resistance of the material is measured continuously. Afterwards, researches
have demonstrated that fibre reinforced cementitious composites are also able to detect
damage through electrical resistance measurements. In the case of these composites,
the damage propagation when tensile loads were applied on the material could even be
followed. The reported composites had the property to develop several cracks during the
loading. Therefore, the current flow on the composite had to be deviated always when
a crack was being created, and those deviations were translated as drastic increases of
electrical resistance [32].

Employing conductive fibres to enhance strain sensibility is also commonly found in
literature. [33] have reported decrease on the overall electrical resistivity when cemen-
titious composites reinforced by large amounts of steel fibres were loaded in tension.
More often are reports on composites employing reinforcement by carbon fibres. Many
publications were released demonstrating how the electrical resistance of cementitious
composite reinforced by carbon fibres changes while loaded in tension, compression
and bending. Small volumes (approximately 0.5% by volume) of fibre reinforcement
were generally sufficient to provide strain or damage sensitivity to cementitious com-
posites. Looking for improvements on the bond strength between fibres and cementi-
tious matrix together with enhanced sensitivity, fibre surface treatment with ozone was
also proved to improve this type of composite [34].

Another piezoresistive filler which has been broadly investigated for development
of self-sensing cementitious composites are the carbon nanotubes (CNT). Due to their
piezoresistive property and its very small dimensions CNT have demonstrated a great
potential in this field. Investigations have demonstrated that very small volumes of ad-



2

14
2. SMART CONSTRUCTIONS: AN OVERVIEW FROM THE BUILDING PHASE TO THE

DURABILITY SURVEILLANCE

dition of this admixture are able to develop piezoresistive response on cementitious ma-
terials. Incorporation ranging from 0.05 to 0.5% of Portland cement weight is usually
reported on literature, with optimum content close to 0.1% [27, 30, 35].

The volume of CNT employed to reach a desired piezoresistive performance is di-
rectly connected with the dispersion of this material on the matrix. Many studies dis-
cussed about different techniques to improve dispersion of nanoparticles on cementi-
tious matrix. From all approached methods three or the combination of some of them
are commonly reported successful. The first method relies on the agitation of an aque-
ous suspension of CNT employing ultrasonication. This type of agitation is very ener-
getic, enabling the lumps of CNT to be separated and further dispersed. On the other
hand, often ultrasonication of aqueous CNT solutions are enhanced by a second dis-
persion method which relies on the employment of chemical admixtures. Usually the
employment of surfactants enhances the dispersion of nanoparticles considerably. Sur-
factants can surround the nanoparticles and lower their surface tension, making them
easier to be dispersed. Some researchers have reported a successful dispersion of CNT
in aqueous solution containing surfactants and improved piezoresistive properties on
cementitious composites containing the solution [36, 37]. The third and most advanced
technique that guarantees a homogeneous dispersion of CNT was reported by [38]. This
method facilitates the growing of CNT and carbon nanofibres during the Portland ce-
ment clinker production. The new type of cement created by this group has been applied
mainly on the cementation of oil wells, due to the ultimate mechanical performance
achieved [39].

Several authors have demonstrated not only advantages in their use on cementitious
matrix regarding the reduction of the electrical resistivity but also on the gain of mechan-
ical performance. The CNT can act as nucleation spots for the cement hydration. This
property leads to a faster and higher hydration of the cementitious matrix, generating
CSH with higher mechanical properties [40].

One extra matter which deserves to be addressed is the methodology to measure the
electrical resistance. Several publications report the measurements during the mechan-
ical test employing direct current (DC). This type of measurement is in general easy to
be conducted and does not involve complicated knowledge on electromagnetism. How-
ever, to obtain reliable measurements with this technique the sample must be dry or
after connecting the sample to the voltage supply a long time must be waited before the
test gets start. This precaution is due the polarization effect. As soon as a DC supply is
connected to a cementitious composite, due to its porous and ionic intrinsic property,
the composites acts as a capacitor charging until its stabilization [41, 42]. This type of in-
convenience on the measurement can be avoided employing an alternate current (AC).
This technique indeed requires more complex equipment but reveals a more detailed di-
agnostic of the sample. Measuring the current and voltage signals it is possible to make
a diagnostic of the capacitance and reactance behaviour of the material while loaded
[43, 44]. This diagnosis might lead to a deeper understanding of the reasons behind the
total changes on the electrical resistance of the composite measured employing DC.

Cementitious composites able to be used as damage or strain sensor are a step fur-
ther on the surveillance of large amount of infrastructure. A real time monitoring of this
type of material can be extremely important to have a broad and realistic diagnosis of
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the conditions of structures exposed to hazardous environments or overloads such as
capacity overhead from users or seismic movements. Moreover, the use of this technol-
ogy can decrease the number of in-situ inspections, which are not always easy to be per-
formed, usually not periodically realized, and sometimes extremely expensive. This type
of continuous monitoring contributes significantly for the improvement of automation
on the construction industry, providing more reliable data and diminishing or at least
decreasing society exposure to unnecessary risks.

2.5.2. SELF-HEALING

One of the most dangerous situations that a concrete structure can be exposed is the
cracking of its cover layer. This type of damage is most of the time dormant as it can have
very small sizes, placed in hard to be access locations and usually not causing large prob-
lems at the beginning of the pathology. The cover layer is designed to protect the steel
reinforcement. Its depth is calculated to provide isolation of the reinforcement inside of
the concrete from the external environment during the service life of the structure. The
concrete with its intrinsic properties provides this protection. For instance, its poros-
ity and alkalinity protect the structure against carbonation, penetration of chloride ions
and spoiling due to deicing salts [45]. Therefore, cracks on the cover layer are pathways
to connect the external surrounds to the metallic reinforcement, facilitating the ingress
of hazardous materials. Moreover, over time the cover layer is naturally damaged due to
aging and if no action is taken this will lead to the exposure of the reinforcement.

Due to the high complexity of a detailed execution of structural projects, often it is
possible to find reports describing crack formation on surface of concrete due to plas-
tic or drying shrinkage [46]. Furthermore, tiny cracks due to excessive loading or ther-
mal differences might also be the cause of appearance of damages on the cover layer of
cementitious composites. It should be of primary importance the diagnoses of the exis-
tence of such problem in a concrete structure as early as possible. Therefore, periodically
infrastructure surveillance is important to detect and quantify how broad is the prob-
lem. However, unfortunately maintenance campaigns are usually performed whenever
a large problem is detected. At this point a large amount of hazardous materials could
have penetrated the concrete causing a deeper and of course expensive damage.

For the past few years, a lot of attention has been given by researches to develop tech-
nologies to help on this matter. Several solutions providing the concrete itself capability
to act when a crack is generated were created to minimize or solve such a big issue for the
construction industry. The concrete ability to heal its own cracks is often addressed on
literature as self-healing. The self-healing technology covers a large field of techniques
to provide cementitious composite the ability of healing. Following an overview of au-
togenous self-healing and the different approaches to improve this natural property of
cementitious composites, the use of microorganism and organic polymer to heal cracks
of larger width will also be addressed.

Autogenous self-healing is an intrinsic property of cementitious materials. The cracks
generated on the surface of cementitious materials can be filled with late hydration prod-
ucts from un-hydrated cement particles or deposition of calcium carbonate on the cracked
surface. This way of healing the crack is depended on availability of moisture, as both
chemical reaction in which the filling of the crack relies depends on water to happen
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[47].

In the case of further hydration, any un-hydrated cement particle exposed to mois-
ture can hydrate and its formed products might help on the crack filling. Further hydra-
tion can also rely on the pozzolanic activity of supplementary cementitious materials,
like fly ash or blast furnace slag [48, 49]. This type of healing is often reported on high
mechanical performance cementitious composites, as ultra-high-performance concrete
(UHPC) or strain hardening cementitious composites (SHCC). The mix-design of these
composites are designed to deliver the best mechanical properties possible, bringing the
binder content to extremely high values and limiting considerably the availability of wa-
ter.

Although, further hydration or pozzolanic reactions can contribute filling cracks, the
most important mechanism of autogenous self-healing is the precipitation of calcium
carbonate on the surface of the crack. The deposition of the mineral relies on the reac-
tion between two dissolved ions. Carbon dioxide dissolved in water reacts with calcium
anions coming from the concrete generating CaCO3. The crystal minerals formed during
this reaction precipitate on the crack surface leading towards its closure [50].

The autogenous healing is able to close narrow cracks [51]. In general authors only
report the closure of cracks and consequently the protection of internal parts of the
structure against penetration of hazardous materials. However, Victor Lee has reported
that mechanical properties of an Engineered Cementitious Composite (ECC) was also
recovered after soak and dry cycles [52].

It is crucial for this type of healing the presence of water. Then, some researchers
have employed superabsorbent polymers (SAP) to store moisture when a crack is ex-
posed to water. SAP are materials able to store and slowly release the water in time.
Additionally, when water is absorbed by this type of polymer they swell, blocking the
way for more water to penetrate the concrete. Therefore, the cracked surface would stay
longer exposed to the moisture increasing the self-healing efficiency of the damaged ce-
mentitious component [51, 53].

One of the self-healing techniques which has draw a lot of attention of the construc-
tion market is the healing of cracks employing microorganism. This type of healing relies
on bacterial metabolism to heal the crack with calcium carbonate. Mainly, two mecha-
nism of crack filling have been reported. The first developed mechanism employs bac-
teria able to produce urease during its metabolism, leading afterwards to a precipitation
of calcium carbonate. On this case the process of filling the cracks relies only on the
precipitation of CaCO3. The mineral is formed in the same way as described for the au-
togenous self-healing. However, the urease released by the bacteria in contact with water
contributes increasing the availability of CO2 dissolved in water [54].

Later, a second method employs two components: one is bacterial spores and the
second is the organic compounds to be consumed by the microorganism [55]. As soon
as the bacterial spores get in contact with the oxygen and the organic compounds they
move out from the latent stage and start to produce CaCO3, CO2 and water as a by-
product of its metabolism. The calcium carbonate minerals are directly involved on the
filling of the cracks and when the CO2 gets dissolved in water it can enhance the au-
togenous healing, also contributing to the healing mechanism. This method has been
largely published demonstrating its potential in laboratory scale [56], as well as in field
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trials [57].
Another technique often reported on literature is the addition of manufactured par-

ticles during the mix of concrete or mortar. Those particles must have a stronger bond
with the cementitious matrix than its own mechanical properties. They can be filled with
organic polymers like epoxy, or with some other fast setting mineral compounds. Then,
when a crack propagates through the concrete, those capsules must break and release
their content [58, 59].

Self-healing techniques contribute to enlarge the service-life of structures which em-
ploy cementitious materials. They present solutions to decrease the time of exposure
of the internal parts of a structural element to deleterious materials by means of au-
tonomous healing of the damages. Self-healing techniques are already a reality on the
construction market. They contribute significantly to improve the quality and automa-
tion of concrete structures, improving their safety and reliability.

2.6. CONCLUSIONS
Through the review brought by this chapter, the importance of automated solutions to
the daily routines on the construction market was exposed. Structural damage in con-
crete happens in different ways, such as capacity overhead or ageing. It was also demon-
strated that an extended and detailed survey of the health conditions of a vast infrastruc-
ture complex is difficult and resource consuming. However, an intense health monitor-
ing rationalizes the scheduling of in-situ inspections and repair, saving costs and dimin-
ishing risks for the society. Therefore, the application of autonomous technologies con-
tributes significantly in the development of smart cementitious composites. Research
devoted to this area is a key factor on the development of a sustainable and health econ-
omy, enabling more reliable infrastructure investments.
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AN APPROACH TO DEVELOP

PRINTABLE STRAIN HARDENING

CEMENTITIOUS COMPOSITES

In nature nothing is created, nothing is lost, everything changes.

Antoine-Laurent de Lavoisier

New additive manufacturing methods for cementitious materials hold a high potential
to increase automation in the construction industry. However, these methods require new
materials to be developed that meet performance requirements related to specific char-
acteristics of the manufacturing process. The appropriate characterization methods of
these materials are still a matter of debate. This study proposes a rheology investigation
to systematically develop a printable strain hardening cementitious composite mix de-
sign. Two known mixtures were employed and the influence of several parameters, such
as the water-to-solid ratio, fibre volume percentage and employment of chemical admix-
tures, were investigated using a ram extruder and Benbow-Bridgwater equation. Through
printing trials, rheology parameters as the initial bulk and shear yield stress were corre-
lated with variables commonly employed to assess printing quality of cementitious ma-
terials. The rheology properties measured were used to predict the number of layers a
developed mixture could support. Selected mixtures had their mechanical performance
assessed through four-point bending, uni-axial tensile and compressive strength tests, to
confirm strain hardening behaviour was obtained. It was concluded that the presented ex-
perimental and theoretical framework are promising tools, as the bulk yield stress seems
to predict buildability, while shear yield stress may indicate a threshold for pumpability.

This chapter has been published in S. C. Figueiredo, C. R. Rodríguez, Z. Y. Ahmed, D. Bos, Y. Xu, T. M. Salet,
O. Çopuroğlu, E. Schlangen, and F. P. Bos, An approach to develop printable strain hardening cementitious
composites, Materials & Design, vol. 169, p. 107651, 2019. [60]
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3.1. INTRODUCTION

O VER the last decades, the employment of automation at construction sites has seen
substantial achievements to enhance the productivity of the sector [61, 62]. Man-

agement tools have allowed tasks and activities to become more specialized and dy-
namic, thus providing an environment for shortening of construction time and decreas-
ing construction errors. The employment of machinery to execute tasks on this industry
was specially devoted to heavy duties nevertheless, some other activities still rely on the
skills of humans.

A relatively recent development has been the introduction of Additive Manufactur-
ing (AM) to the construction industry, also popularly known as 3D printing. AM is a
classification of manufacturing technologies that fabricate objects by controlled, often
layer-wise, addition of material, rather than by removal of material from a larger piece
of bulk material. Generally, robotized equipment is applied that manufacture an object
directly from digital design input [5, 6]. For construction, advances are being made AM
of polymers [63], foams [64], glass [65], timber [66] and steel [67].

Developments have been particularly rapid for AM of concretes and other cementi-
tious materials (AMoC) for construction. Technologies under development include the
Stereolithography (STL) based D-shape process [68], Contour Crafting (CC) [11], Con-
crete Printing (CP) [69], 3D Concrete Printing (3DCP) [14], as well as the vertical extru-
sion based Smart Dynamic Casting [70] and Mesh Mould [71], in which a mesh rein-
forcement acts as the mould. Leaving the phase of showcasing the potential behind, de-
scribed in a range of publications [72–79], AMoC (also referred to as Digitally Fabricated
Concrete (DFC), to emphasize the automated production method) has now entered in a
period of first real uses [80], and commercial initiatives abound (e.g. Contour Crafting,
Total Kustom, WinSun, CyBe, Apis Cor, XtreeE, Incremental 3D, COBOD, and others). Al-
ternative techniques are also available in which a mould of insulation material is printed
and the concrete is cast inside [81].

This requires the development of a whole new generation of materials to meet both
the manufacturing requirements (printability) as well as the mechanical and durability
demands of a long-lasting. Recent researches have shown the development of cementi-
tious composites with different aggregate particle sizes [72]. In some studies, fibres have
been incorporated to stabilize the mixture at fresh state or to minimize the occurrence
of cracks due to shrinkage [13].

However, as has been pointed out by other researchers as well, the different tech-
nologies and materials under development still suffer from a major drawback that forms
an important obstacle for them to achieve their potential which includes form freedom,
reduced material use and labour, decreased CO2 emissions, and construction speed [82–
86]. The print materials in AMoC, in general, have a low tensile strength compared
to their compressive strength. Furthermore, they are usually brittle and thus fail rela-
tively suddenly without large deformations. For structural use in construction, this is
unacceptable, as the conventional concepts, such as the use of steel reinforcement bars,
are either incompatible with AMoC or eliminate its advantages. A number of innova-
tive approaches have been presented to overcome this problem, like the ones described
by [15, 19, 87]. Further research is needed to be able to fully assess their potential and
applicability.
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Including fibres in the print material is an obvious solution strategy, too. It has been
explored by Panda et al. [88], who compared glass fibres of different lengths (3, 6 and
8 mm) and varying volume percentage of fibres. Both studies reported a significant in-
crease in flexural tensile strength, as well as an orientation effect of the fibres in the di-
rection of the filament flow, but neither discussed the effects on ductility. Moreover, the
use of PVA fibres in printable cementitious mortars exposed to fire attack was studied in
[89]. In this case the authors have shown the advantages of using fibres to enhance duc-
tility but also to minimize the occurrence of spoling. And recently the use of steel fibres
to reinforce a printable mortar was also explored in [90] .

Over the last decades, cementitious composites have been developed that exhibit
strain hardening behaviour [91, 92]. Their performance is based on an optimized ma-
trix composition, fibre performance, and matrix-to-fibre bond, and are known as En-
gineered Cementitious Composites (ECCs) or Strain Hardening Cementitious Compos-
ites (SHCCs). Significant plastic deformations can be achieved, as well as a high tensile
strain, strength, and multiple crack development [21]. Resistance to quasi-static and
dynamic loading is generally high [93]. Jointly, this results in favourable structural per-
formance.

First results on the development of printable ECCs have been published by Soltan
& Li [94]. Based on considerations of extrudability (indicating the ability of the mixture
to pass through a printing system) and buildability (indicating the ability of a mixture
to remain stable after depositioning and during printing), that together define the print-
ability, they developed several mixtures with polyvinylalcohol (PVA) fibres. The influence
of several ingredients on fresh state workability and processing parameters were investi-
gated. This resulted in at least one mixture that seems printable and shows strain hard-
ening failure behaviour. However, the assessment of fresh state properties was based
on the flow factor according to ASTM C1437 and ASTM C230, which is not a true rheo-
logical property. Also, the real printability was not truly yet established as only several
layers were deposited with a manual piston. Pending a more extensive publication, a
brief description of results about the development of a printable SHCC with high-density
polyethylene (HDPE) fibres were given by [95].

The development of printable mix-designs is different from that of castable con-
cretes. The challenges are not restricted to the hardened properties: competing require-
ments for extrudability and buildability have to be met as well. Globally speaking, the
material should be fluid enough to pass through a print system without the use of ex-
cessive pressure and the occurrence of ruptures and/or void, while exhibiting sufficient
strength and stiffness after depositioning to avoid failure during printing or excessive
geometrical deformations. When both these requirements are met, the material can be
considered printable.

In order to evaluate the printability, different tests have been proposed, such as the
cylinder test [13], the slump of the fresh mixture in a shape of a cylinder [96] or the slump
of the printed layer itself [16]. In general, these tests consist in measuring the slump of
the fresh material with or without a certain weight on top of it. However, such empirical
tests do not result in true physical properties that describe the rheological or mechanical
behaviour of the material. Only recently, first attempts to analyse printability in terms of
physical rheology or mechanics properties have been presented [97]. Suitable method-
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ologies are still under development.
The requirements for materials employed in the process of manufacturing an object

in AMoC through a processes like 3DCP, are similar to those for extrusion manufacturing,
a process that is commonly used for several types of concrete products. Although this
has been acknowledged in some reports, the mix-design often does not follow the pro-
cedure that is usually suggested in the field of extrusion research [98]. Extruded cemen-
titious mixtures can be considered as solid suspensions. These highly concentrated sus-
pensions usually show dough-like texture. Therefore, the employment of conventional
shear-based rheometers is not always suitable. Slippage and plug-forming of the evalu-
ated mixture may lead to unreliable results [99]. Alternatively, a ram extrusion rheometer
can be used. Using the pressure measurements from this device, true rheology parame-
ters can be determined through the Benbow-Bridgwater rheology model [17, 100, 101].
A more detailed explanation of the model and the apparatus will be given in Sections 6.2
and 3.3.2.

As extrusion techniques are of great importance for the construction industry, the
ram extruder proposed by Benbow-Bridgwater was extensively employed to quantify
rheological parameters of different materials, amongst which a vast number of ingredi-
ents for cementitious composites. Particularly relevant to this study are reports on fibre
reinforced mixtures, like the ones found in [99, 102–104], with PVA fibres, or in [18, 105]
with natural fibres, or even with nano-fibres in [106]. The fresh state properties depend
on several factors, like the volume of liquid employed, the particle size distribution, the
volume of fibre reinforcement, time, and so on. Furthermore, rheology modifiers are
commonly reported to have been used in studies on extruded fibre reinforced cementi-
tious composites.

As SHCCs demonstrate enhanced mechanical performance in comparison to stan-
dard concrete or mortar, as well as superior durability properties [107, 108], the system-
atic (i.e. based on true properties) development of printable SHCC mixtures can move
AMoC forward. Therefore, this research aimed to develop a printable SHCC mix-design
based on the rheology properties measured with a ram extruder and determined through
the Benbow-Bridgwater model. To understand the meaning of the physical properties on
the flowability, visual inspections were performed on the extruded composite. A print-
ability trial was subsequently conducted in a large scale 3DCP facility, on selected mix-
tures to assess pumpability, extrudability, and buildability. After hardening, several me-
chanical properties were determined to show the printable mixtures do indeed result in
objects with strain-hardening failure behaviour. Only a limited number of tensile test
results are shown here. The full results of the study on mechanical properties in the
hardened state will be subject of a future publication.

3.2. THEORETICAL BACKGROUND
Behaving rheologically as a Bingham fluid, cementitious materials can have their yield
stress measured. Measuring rheological properties of highly concentrated particle sus-
pensions through conventional shear based rheometers has been shown as not the best
approach [99, 109], and alternatives were given in [17, 100, 101]. The Benbow-Bridgwater
model, used commonly to study fluids such as molten plastics, clay suspensions and
prefabricated cementitious material, is especially suitable for this work.
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In order to evaluate the rheology of composites at the fresh state a ram extruder was
employed. The ram extruder is commonly composed of an upper barrel, where the ma-
terial is introduced first and a connected die land, with smaller diameter, from which the
material is extruded at last. A piston, moving downwards, pushes the material from the
upper barrel through the die land. Coupling the total pressure drop in the die measured
with this device alongside the Benbow-Bridgwater model, a description of the fluid rhe-
ology can be obtained. The total pressure drop in the die is composed by the pressure
drop of the fluid on the die entry and the pressure drop on the die land. The pressure
drop does not take in consideration any pressure drop in the barrel, as it is neglectable
[110]. Therefore, the total pressure drop is given by the equation 3.1:

P = P1 +P2 = 2ln(
D

d
)(σ0 +αV )+ 4L

d
(τ0 +βV ) (3.1)

where:

P = Total pressure drop [kPa]
P1 = Pressure drop in the die entry [kPa]
P2 = Pressure drop in the die land [kPa]
σ0 = Bulk yield stress [kPa]
α = Parameter characterizing speed in the die entry [kPa.s/mm]
V = Extrusion speed in the die land [mm/s]
D = Barrel diameter [mm]
d = Die diameter [mm]
τ0 = Shear yield stress [kPa]
β = Parameter characterizing speed in the die land [kPa.s/mm]
L = Die length [mm]

For the case of extruded paste developing pseudo-plastic behaviour the influence of
the extrusion speed on the total pressure drop is not linear. For such cases, the Benbow-
Bridgwater model is further enriched with the coefficients m and n, as shown in equation
3.2 [110].

P = P1 +P2 = 2ln(
D

d
)(σ0 +αV m)+ 4L

d
(τ0 +βV n) (3.2)

Rheological characterization of dough-like pastes are especially interesting for ex-
truded materials, as they must keep their shape after being extruded. The resulting rhe-
ological properties are also very interesting for printed cementitious composites. Initial
shear and bulk yield stresses are physical properties which can help quantifying impor-
tant parameters for the AM with counter craft technology. The shear yield stress quan-
tifies the friction of the material moving through the die while the bulk yield stress is an
intrinsic material property. These quantities can be related to the main mixture require-
ments like shape stability and printability. Moreover, these properties can also be useful
to estimate the amount of layers the material is able to support.
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Figure 3.1: Particle size distribution

3.3. EXPERIMENTAL METHODS

3.3.1. MATERIALS AND SAMPLE PREPARATION
Two SHCC mixtures from [111, 112] were chosen as a departure point for the develop-
ment of the SHCC mixtures for 3D printing. Both mixtures were reinforced with 2% by
volume of polyvinyl alcohol (PVA) fibres. The first mixture matrix was composed by ordi-
nary Portland cement (OPC), blast furnace slag (BFS), and limestone powder (LP), while
the second reported mixture is composed by OPC, fly ash (FA) and sand. In order to in-
crease the amount of fines used in the second SHCC, additional LP was used. In table
3.2 and table 3.3 the composition of each mixture are detailed. Initially, the rheology
of their matrices (the composite without fibres) were studied. The influence of viscosity
modifying agent (VA), superplasticizer (SP), water-to-solid ratio, PVA fibre volume and
sand grain size on the fresh state properties were investigated.

The chemical composition of powder materials and their loss on ignition (LOI) can
be found in table 3.1. They were assessed by X-ray fluorescence analysis (XRF) and ther-
mogravimetric analysis performed at 10 K/min under Argon atmosphere. The LOI was
calculated using the loss of mass between 45 and 1000 ◦C. The particle size distribution
of the raw materials can be found on figure 3.1.

VA with viscosity 201000 mPa.s was provided by Shanghai Ying Jia Industrial Devel-
opment Co., Ltd. SP used was a Glenium 51 obtained from BASF with solid concentration
of 35%.

For the rheology tests, a volume of 0.5 litres was mixed in a planetary mixer according
to the following procedure:

• All dry materials were mixed for two minutes at low speed (speed 1 - 60 rpm);

• While mixing at speed 1, during approximately one minute, water mixed with SP
was added;

• The wet powders were mixed for the next two minutes at speed 1. In this phase
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Table 3.1: Chemical composition of powder raw materials

Compound
CEM I

42.5 N [%]
Fly Ash

[%]
Blast Furnace

Slag [%]
Limestone
Powder [%]

CaO 69.53 5.30 42.00 55.80
SiO2 15.6 53.23 30.73 0.28

Fe2O3 3.84 7.77 0.54 0.03
Al2O3 3.09 26.67 13.30 -
SO3 2.6 0.81 1.45 -

MgO 1.67 1.27 9.44 0.14
K2O 0.55 1.42 0.34 -
TiO2 0.31 1.22 1.01 -
P2O5 0.14 0.25 - -
Rest 0.53 0.52 0.62 0.03

Loss on Ignition 2.14 1.55 0.57 43.71

it was possible to observe a significant change in the mixture’s viscosity. A dough
like consistence was achieved;

• At moderate speed (speed 2 - 124 rpm), the dough like mixture was further mixed.
At this phase the dough opens inside the mixing bowl, and the fibres get dispersed.

3.3.2. RHEOLOGY MEASUREMENTS
In order to obtain the four parameters (σ0, α, τ0, β) describing the paste flow a ram
extruder was built. The design was based on the equipment reported by [99, 100, 113]
and can be found in figure 3.2. Three dies were applied with an internal diameter of
12.8 mm and length-to-diameter (L/d) ratios of 1, 4, and 8. The diameter of the piston
(38.3 mm) was designed to minimize friction with the internal walls of the barrel (D =
38.4 mm) and to fit on an servo-hydraulic press (Instron 8872). Besides that, a Fluonő

(polytetrafluoroethylene) ring was used as the end of the piston to seal the gap between
walls and minimizing friction. During the tests this region was always lubricated with a
silicone release compound (Dow Corning 7, Dow Corningő). For each new experiment
the piston and the ring were removed from the Instron actuator and washed with tap
water and soap.

The ram extruder barrel was filled with the mixture under evaluation. For each por-
tion placed inside the barrel, compaction with the help of a 30 mm diameter steel rod
was done. Compaction of the paste inside of the barrel is important to avoid big pockets
of air which would result in drastic drop on the pressure during the extrusion experi-
ment. As soon as the barrel was filled, the piston was attached to the Instron actuator.
Four different speeds of the piston were used by controlling the displacement rate of the
Instron actuator while the reaction force to the imposed displacement of the fluid was
measured by a load cell. This load was used to calculate the total pressure applied to the
fluid. In figure 3.3 an example of the output data from the experiment is given. The ram
extruder experiment was performed four times for each die. The first extrusion was not
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Figure 3.2: Ram extruder and components.
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Figure 3.3: An example of the output data from one of the rheology experiments employing the ram extruder.

considered for the test, as its only function was to aid with the appropriate filling of the
die. Hence, an average of the pressure at each extrusion speed of the three repetitions
was used in the calculation.

From equation 2 a linear relation between the total pressure applied on the fluid and
L/d ratios was obtained. Curve fitting employing a least square method was used for
each of the curves in order to obtain the rheology parameters that characterize the fluid.
As the experiment was done for four different extrusion speeds and three L/d ratio, an
average of each of the components (σ0, α, m, τ0, β and n) could be obtained. Figure 3.4
exemplifies the linear curve of total pressure drop versus L/d obtained from the experi-
ment.

3.3.3. PRINTING TRIALS
After the rheological characterization, printing trials were performed to assess the ac-
tual printability of the material. First, an initial test of the pumpability and extrudability
was performed on 6 of the developed mixtures that were expected to show sufficient
buildability based on their rheological characterization, as assessed both through vi-
sual inspection and their quantitative properties. The purpose of this trial was to estab-
lish whether the developed mixtures were compatible with the equipment, particularly
whether the fibres would not cause blockage in the linear displacement pump, which
features narrow cavities. Based on the observations in this initial trial, one mixture was
subsequently selected for an object printing experiment.

For the preceding initial trials, mixed batches of the selected mixtures were fed to the
pumping unit of the mixer-pump that is part of the 3DCP print facility of the Eindhoven
University of Technology (TU/e) as described by [72]. The mixer unit of the mixer-pump
was bypassed as the extent of mixing provided by this unit is insufficient for the devel-
oped mixtures. Therefore, batches were mixed using the procedure that was also applied
for the rheological tests, and material from the mixed batch was inserted into the pump-
ing unit of the mixer pump. The pump was connected to a 5 m, ø 2.5 cm hose. It was
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observed whether the material would be pumped without clogging, and whether the
material could be transported through the hose.

In the object printing experiment, the TU/e 3DCP print facility, shown in Figure 3.5,
was used in its entirety (except, again, for the mixing unit of the mixer-pump). The
mixer-pump was connected to the print head with the standard 10 m, ø 2.5 cm hose.
The standard print nozzle with a 40 × 10 mm mouth opening was used. Cylinder shapes
with a print path (heart line) diameter of 500 mm were printed until failure. The ap-
propriate print speed was established as 5000 mm/min (or 83.3 mm/s). The print time
of a single layer, thus, was approximately 0.31 min (or 19 s). This geometry has been
used previously by [114] to study buildability of another mixture. Overall behaviour was
visually recorded and the number of stacked layers before failure counted.

3.3.4. MECHANICAL TESTS

The composites reinforced with 2% by volume of PVA fibres were also evaluated me-
chanically, to verify whether strain hardening failure behaviour had indeed be obtained.
For these cases, a volume of 3 litres was mixed following the same procedure described
earlier. Four-point bending, and compressive tests were performed to evaluate the per-
formance of the composite. Motivated by the outcomes of the research at the rheology
measurement stage, only YVA4PVA20-S05 and XVA3PVA20 mixtures were chosen to have
their tensile behaviour tested.

The samples were cast and kept sealed in their moulds for three days. Afterwards,
they were demoulded and cured in a curing room at (20 ± 2) ◦C and relative humid-
ity of (98 ± 2)%. The compressive strength was measured at 14 and 28 days on 35 mm
cubes, sawn from 40×40×160 mm beams. The samples for four-point bending test were
sawn from 180×180×10 mm slabs, with approximate dimensions of 180×40×10 mm
and tested at 28 days of curing. Finally, the samples for direct tensile test were sawed
from 240×60×10 mm slabs, in the end reaching final dimensions of 150×40×10 mm and
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Figure 3.5: 3D Concrete Printing facility of the Eindhoven University of Technology (TU/e) (taken from: [72])

tested at 35 days of curing. The compressive test was done at loading rate of 2 kN/s.
The four-point bending, with a test spam of 12 mm, and tensile tests were performed on
the same servo-hydraulic Instron 8872 machine in which the extrusion tests were done.
The employed deflection rate for the four-point bending was 0.01 mm/s and the tensile
elongation rate was 1 µm/s, controlled by linear variable differential transformer (LVDT)
sensors. It is important to observe that the specimens tested on uni-axial tensile test had
upper and lower side glued on steel plates. The lower side was glued inside the servo-
hydraulic machine to avoid bending while testing.

Due to the high viscosity of the mixtures obtaining a homogeneous thickness while
casting the samples was difficult, especially for the four-point bending specimens. There-
fore, prior to the mechanical tests each individual specimen was measured at several
locations.

Specimens undergoing tensile test had their frontal surface prepared for employ-
ment of digital image correlation (DIC). Their surface was painted white and randomly
distributed black dots were made with a permanent marker. This pattern helps enhanc-
ing the contrast needed for the DIC software to calculate the displacements during test.
The open source software Ncorr2 was employed for the DIC [115]. A Cannon camera
model EOS 6D with Tamron aspherical 28 - 75mm lens were employed to obtain one pic-
ture each two seconds of test. An approximate resolution of 48µm/pixel was obtained.

3.4. RESULTS

3.4.1. RHEOLOGY

The six parameters-approach according to equation 3.2 was chosen to characterize all
mixtures, as a non-linear behaviour was identified. Figure 3.6 illustrates the increase of
total pressure of different extrusion speeds. In the following subsections, the influence of
each of the mixture variables (viscosity modifier agent, water content, superplasticizer,
and fibres) is detailed. A summary of all results is shown in table 3.4.
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Figure 3.6: An example total pressure on the fluid measured for different extrudate velocities.

EFFECT OF VA CONTENT

The effect of VA was investigated on matrix level. Four dosages of methylcellulose were
employed: 0.1, 0.2, 0.3 and 0.4% of the total solids weight. The water-to-solid ratio and
superplasticizer added were kept constant at 0.2 and 2% by total powder weight, respec-
tively.

For both matrices, the increase of VA content directly influenced the initial bulk and
shear yield stresses, as is visually shown in figure 3.7, and quantitatively compared in
figure 3.8. The increase in these rheological parameters have direct effect on the shape
stability of the printed material. Therefore, the employment of VA can contribute posi-
tively to the development of printable mix designs. Greater rheological parameters val-
ues were obtained for the X matrix, indicating that solid suspensions with smaller liquid-
to-particles surface area ratio are more vulnerable to changes in the viscosity of the liq-
uid phase. This result is important to show how sensitive highly concentrated solid so-
lutions, like the ones obtained for SHCCs or macro defect free cementitious composites,
are to the adjustment of VA content.

EFFECT OF WATER CONTENT

The influence of extra water in the mixtures was investigated at matrix level. By keeping
the superplasticizer and methylcellulose constant, the effect of increasing the water-to-
solid ratio from 0.2 to 0.3 was investigated.

As expected, a higher volume of water in the solution changes significantly the flowa-
bility of mixtures where the amount of liquid to wet the surfaces of the particles is already
limited. Therefore, the decrease of X series’ bulk yield stress was considerably larger than
the one observed for SMCE, as reported on figure 3.10. Anyhow, as the amount of liquid
to lubricate the movement of the particles against each other is higher, the largest in-
fluence of the increase of the amount of water on the mixture can be observed on the
shear yield stress. The influence of the water-to-solid ratio on the paste fluidity can be
observed in figure 3.9.
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(a) XVA1 (b) XVA2 (c) XVA3 (d) XVA4

(e) YVA1 (f) YVA2 (g) YVA3 (h) YVA4

Figure 3.7: Visual inspection of extruded material with different amounts of VA.
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Figure 3.8: A summary of the effect of VA content on initial bulk and shear yield stress.
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(a) XVA3 (b) XVA3W1 (c) YVA3 (d) YVA3W1

Figure 3.9: Visual inspection of extruded material for different water-to-solid ratio.
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Figure 3.10: A summary of the effect of water-to-solid ratio on initial bulk and shear yield stress.
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(a) XVA3SP1 (b) XVA3 (c) XVA3SP3 (d) YVA3SP1

(e) YVA3 (f) YVA3SP3

Figure 3.11: Visual inspection of extruded material for different SP concentrations.

EFFECT OF SUPERPLASTICIZER CONTENT

A subsequent investigation targeted the effect of the superplasticizer dosage at 1, 2, and
3% of the total powder phase. Keeping constant the percentages of methylcellulose and
water-to-solid ratio it could be noticed that the influence on the rheology properties
were not as remarkable as the one measured when the water-to-solid ratio was investi-
gated.

The initial bulk yield stress increased or decreased whenever the amount of super-
plasticizer was changed from 1 to 3% (figure 3.12). However, a decrease of approximately
32% of the initial shear yield stress when 1% of superplasticizer was employed on Y ma-
trix was measured. This decrease might be correlated with the excess of liquid present
in this solid suspension, as the particle size went up to 1 mm and there is a considerable
high usage of fly ash. Visually, the influence of the amount of superplasticizer can be
observed in figure 3.11.

EFFECT OF PVA FIBRE REINFORCEMENT

As described in the introduction, the goal of this research was to develop a printable
SHCC mix design. Therefore, the influence of 1.0, 1.5 and 2.0% by total volume of fibre
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Figure 3.12: A summary of the effect of SP content on initial bulk and shear yield stress.

reinforcement on the above described matrices was studied. For both matrices (X and
Y) the content of superplasticizer, methylcellulose and water-to-solid ratio were chosen
to be 2%, 0.3% and 0.2 respectively.

For both mixtures, the fibre reinforcement increased considerably the initial bulk and
shear yield stresses. The values of σ0 at least doubled when the fibre reinforcement was
incorporated, as can be seen on figure 3.14. Zhou et al. 2005, explained this behaviour by
attributing this increase to the raise of friction between fibres and particles in the matrix
while the mixture is being extruded.

However, when the rheological properties of both mixtures were observed with the
increasing volume of fibres, they demonstrated a different behaviour. The increased vol-
ume of fibres did not significantly change σ0 and τ0 for the X composites. On the other
hand, the enlarged volume of reinforcement in the Y matrix significantly increased σ0.
These dissimilar effects can be attributed to the different particle size distributions of
the respective composites. The X matrix was tailored to minimize the space between all
the composing matrix particles, including the fibres. The Y matrix, on the other hand,
presents larger gaps between the aggregates, where the increasing volume of fibres can
be allocated. Visual inspections can be done with the help of figure 3.13. There the shape
stability of the extruded filaments as well as the influence of the volume of fibre rein-
forcement and 0.4% of VA can be assessed. Comparing the rheological results obtained
and summarized in figure 3.14 with the images in figure 3.13, provides a clear correlation
between the shape stability and the increase values of initial bulk yield stress.

EFFECT OF SAND MAXIMUM GRAIN SIZE ON Y REINFORCED BY 2% OF PVA FIBRES

Although the TU/e 3DCP facility [19] is capable of processing mixtures with a particle
size of up to 2 mm, it was observed in preliminary trials that the probability of block-
age in the pump system significantly decreased when a less viscous mixture was used or
the maximum grain size was reduced. However, during the trials only with the pump,
the probability of blockage was considerably higher when aggregates up to 1 mm were
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(a) XVA3PVA10 (b) XVA3PVA15 (c) XVA3PVA20 (d) XVA4PVA20

(e) YVA3PVA10 (f) YVA3PVA15 (g) YVA3PVA20 (h) YVA4PVA20

Figure 3.13: Visual inspection of extruded material for different levels of PVA fibre reinforcement.
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Figure 3.14: A summary of the effect of PVA fibres volume on initial bulk and shear yield stress.
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(a) YVA3PVA20 (b) YVA4PVA20 (c) YVA3PVA20S05 (d) YVA4PVA20S05

Figure 3.15: Visual inspection of extruded material for sand maximum grain size of 0.5 mm and 1 mm.

employed. This risk was only decreased when a less viscous mixture was employed at
the expense of worsening the shape stability. As reported above, if more water or su-
perplasticizer is added to this mixture the consequences would be the decrease on the
initial bulk and shear yield stresses. Hence, those changes would lead to losses on the
shape stability culminating with a less stable mixture which could segregate while the
composite is pumped.

Therefore, the influence of the maximum grain size of sand used on Y composites was
evaluated through the rheological parameters. Mixtures employing 0.3 and 0.4 wt.% of
the total solid content of VA, with the maximum sand grain size of 0.5 mm, and keeping
2% of PVA fibres by volume, 2% of superplasticizer by total solid weight and 0.2 water-
to-solid ratio were evaluated.

The results showed that by decreasing the maximum grain size of the sand slightly
lowered the bulk yield stress of composites with 0.3 wt.% of VA, as it can be seen on figure
3.16. However, when employing 0.4 wt.% of VA, the values of σ0 remained in the same
range as the ones observed for composites employing 1 mm sand. Furthermore, the τ0 of
composites with 0.3% of VA increased considerably in comparison with composites with
1 mm sand. This result demonstrates that the use of smaller maximum grain size for
sand contributes to the development of a more packed composite with an initial bulk
yield stress comparable to what was obtained for the X mixtures. In figure 3.15, the
influence of the sand grain size and the amount of VA can be observed.

3.4.2. PRINTING EXPERIMENTS

INITIAL TRIAL

Based on the visual assessment and quantitative rheology properties, six mixtures were
selected for the initial trial with the pump and a 5 m hose. The results are summarized
in table 3.5. Two mixtures could not be pumped as they led to blockage of the linear dis-
placement pump. It could therefore not be established whether they could be extruded
through the 5 m hose. The blockages were likely caused by the maximum grain size of the
respective mixtures that turned out to be incompatible with the pumping system. Exces-



3

40
3. AN APPROACH TO DEVELOP PRINTABLE STRAIN HARDENING CEMENTITIOUS

COMPOSITES

YVA3PVA20 YVA4PVA20 YVA3PVA20-S05 YVA4PVA20-S05

Mixtures

0

5

10

15

20

25

30

35

40

B
u
lk

 y
ie

ld
 s

tr
e
ss

 [
K

P
a
]

Bulk yield stress

0

1

2

3

4

5

S
h
e
a
r 

y
ie

ld
 s

tr
e
ss

 [
K

P
a
]

Shear yield stress

Figure 3.16: A summary of the effect on PVA fibres volume.

Table 3.5: Results of initial pumpability and extrudability trials.

Mixture σ0 [kPa] τ0 [kPa]
mixture can pass through...
pump 5 m hose

XVA3PVA20 34.74 ± 5.20 4.41 ± 0.18 ✓ ✓
XVA4PVA20 39.03 ± 8.31 4.87 ± 0.26 ✓ ×
YVA3PVA20 29.22 ± 1.83 0.90 ± 0.18 × (n/a)
YVA4PVA20 35.96 ± 1.90 2.51 ± 0.08 × (n/a)

YVA3PVA20S05 25.63 ± 1.89 2.16 ± 0.09 ✓ ✓
YVA4PVA20S05 34.26 ± 1.98 2.49 ± 0.08 ✓ ✓

sive bulk and shear yield stresses of these mixtures were not the cause, as they were in
the same range as those of the other mixtures.

One other (XVA4PVA20) could pass through the pump, but generated too much fric-
tion in the hose to be transported through it. This seems to correspond to a limit of shear
yield stress having been exceeded for the system to which the mixture was applied, as it
is higher than that of three mixtures that could both be pumped and transported. Fur-
ther experiments are required to further elucidate the apparent relations between the
rheological parameters bulk and shear yield stress on one hand, and mixture behaviour
in the printing process.

Considering these results, for printing, the mixture with the highest bulk yield stress
that still fulfils the pumpability and extrudability requirement (i.e. does not exceed the
shear yield stress limit), should be selected, as it should result in optimal buildability.
Thus, two mixtures (XVA3PVA20 and YVA4PVA20-S05) seem to be comparably suitable.
Their shape stability is also visually apparent from the rheology tests, as shown in figure
3.13(c) and 3.15(d). For practical purposes, the YVA4PVA20-S05 mixture was selected
for the object printing experiment. The third mixture (YVA3PVA20-S05), whilst being
pumpable, was expected to have lower buildability due to the lower bulk yield stress,
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(a) 3r d layer (b) 6th layer (c) 9th layer

(d) 13th layer (e) 14th layer

Figure 3.17: Cylinder printing test.

and was thus disregarded.

OBJECT PRINTING EXPERIMENT

Analysis methods to predict the buildability are still under development. Wolfs et al.
[114] have presented a solid mechanics based approach considering both stability and
material failure effects, whereas others (Roussel, 2018 [116]) have proposed a rheology
based failure criterion. As the print material develops from a highly viscous to a solid
state after deposition, both approaches have merit. An extensive discussion of this is-
sue falls outside the scope of this study. For now, a rheology based approximation of
the expected buildability was calculated to be 17 layers, based on the measured bulk
yield stress of (34.26 ± 1.98) kPa, an assumed mass density of 2,000 kg/m3, and an av-
erage layer height of 0.01 m. The mixture has an excessive open time of more than 12
hours. Therefore, structural build-up during printing was ignored in this estimation. The
progress of the object printing experiment is shown in figure 3.17. The object collapsed
during printing of the 14th layer. The calculated 17 layers apparently is a considerable
overestimation, but it is nevertheless in the same order of magnitude. The deviation is
likely due to stability effects that depend on the 3D geometry, density variations, and
dynamically changing loads caused by the deposition of the print filament. It may nev-
ertheless be concluded that the mixture is printable, and further adaptations of it should
be considered to improve buildability.

3.4.3. MECHANICAL PROPERTIES
Among all evaluated mixtures, only those reinforced by 2 vol.% of fibres were evaluated
mechanically. The influence of 0.3 and 0.4% by solid weight of VA, as well as the maxi-
mum grain size of the sand, were evaluated through compressive strength and four-point
bending tests.

All tested mixtures delivered flexural hardening and developed a ductile behaviour,
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Figure 3.18: An example from the obtained flexural hardening behaviour obtained from mixture XVA3PVA20

.

Table 3.6: Compressive strength performance [MPa]

Mix design
Load perpendicular to
the casting direction

Load parallel to the
casting direction

XVA3 41.12 ± 4.18 41.71 ± 3.21
XVA4 38.26 ± 5.48 37.76 ± 3.45
YVA3 15.89 ± 0.95 14.37 ± 1.81
YVA4 14.49 ± 1.48 14.78 ± 1.3
YVA3S05 8.39 ± 1.82 8.49 ± 0.5
YVA4S05 15.47 ± 0.65 15.84 ± 1.58

as given in Figure 3.18. Nevertheless, multiple cracks were more often observed in X
series and in mixtures in which the smaller grain size of the sand was employed. This
behaviour was expected since the size of aggregates influences the number of cracks
and the crack pattern, as demonstrated by [117]. Additionally, larger aggregates can also
make the dispersion of fibres more difficult, decreasing the number of fibres effectively
bridging the cracks [118]. Figure 3.19 summarizes the results from the four-point bend-
ing test.

Meanwhile, the compressive strength values of all analysed mixtures, listed in ta-
ble 3.6, were significantly higher for X’s, in comparison with the Y’s. The amount of VA
employed in the composites did not significantly influenced the compressive strength
or the flexural behaviour of the analysed composites, with exception of the ones with
sand up to 0.5 mm. Only in this case, composites with 0.4 wt.% of VA delivered higher
performance. As demonstrated, the mechanical performance was not influenced by the
amount of VA employed on X mixtures and 0.4 wt.% improves Y-S05 series.

Moreover, as discussed in the previous section, only XVA3PVA20 and YVA4PVA20-S05
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Figure 3.19: Average performance on four point bending test of selected mixtures.

were suitable for printing. Therefore, only these two mixtures were chosen to be inves-
tigated employing an uni-axial tensile test, in order to confirm their strain hardening
and multiple crack behaviour. In figures 3.20 and 3.21 the "tensile stress versus strain"
curve of both mixtures are plotted. It could be confirmed that the modified composites
mix-design also showed high ductility and strain hardening behaviour.

In figures 3.22, 3.23, 3.24, 3.25 the last picture from the DIC analyses are shown. In
pictures depicting the vertical displacements only elongations were shown. Regions in
blue suffered less deformation than regions with colours closer to red, where the cracks
are. On pictures showing the horizontal displacements elongations and compressions
are shown. There, zero displacements were demonstrated with yellow colours with elon-
gations been demonstrated in red and compressions in blue. Through the DIC analysis
the horizontal displacements could also be captured. Where the cracks were concen-
trated it was possible to observe areas with compressive values and some others in ten-
sion. These regions are believed to have fibres oriented with different angles, which em-
phasizes the importance of fibre dispersion in this type of composite. It is possible to
observe that all samples developed at least two cracks, and specimens from the X series
resulted in higher tensile performances and considerably greater number of cracks.

3.5. CONCLUSIONS
Through the experimental procedure carried out in this study, a methodology was pre-
sented to develop printable cementitious composite mix-designs based on fundamental
rheological properties. The influence of rheology modifiers on the fresh and hardened
state were evaluated for application in high performance cementitious composites. Vi-
sual inspection together with rheology parameters evaluation were employed to obtain
an optimized SHCC mixture in terms of printability, shape stability and strain harden-
ing behaviour. Printing experiments were conducted to compare the pumpability and
extrudability of various mixtures. One mixture was used to print an object and evaluate
buildability. Mechanical tests were performed to confirm the strain hardening behaviour
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Figure 3.20: Tensile performance of X series.
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Figure 3.21: Tensile performance of Y series.
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(a) Specimen 1 (b) Specimen 2 (c) Specimen 3 (d) Specimen 4 (e) Specimen 5

Figure 3.22: Crack pattern obtained from DIC analysis on X samples - Horizontal Deformations.

(a) Specimen 1 (b) Specimen 2 (c) Specimen 3 (d) Specimen 4 (e) Specimen 5

Figure 3.23: Crack pattern obtained from DIC analysis on X samples - Vertical Deformations.

(a) Specimen1 (b) Specimen 2 (c) Specimen 3 (d) Specimen 4 (e) Specimen 5

Figure 3.24: Crack pattern obtained from DIC analysis on Y samples - Horizontal Deformations.
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(a) Specimen 1 (b) Specimen 2 (c) Specimen 3 (d) Specimen 4 (e) Specimen 5

Figure 3.25: Crack pattern obtained from DIC analysis on Y samples - Vertical Deformations.

of the developed mixtures. In summary the following conclusions can be drawn:

• Ram extruder with the Benbow-Bridgwater model are appropriate tools to develop
printable cementitious composites. However, it is important to notice that the
method has limitations. One example was the inability to predict the blockage of
some mixtures in the pump;

• The employment of rheology modifiers is crucial for the development of high duc-
tility cementitious composites, with dough-like consistency in the fresh state;

• The liquid-to-solid ratio of the solid suspension is more relevant to the shape sta-
bility of printable mixtures, than the amount of superplasticizer;

• For the development of a printable cementitious mixtures, the particle size distri-
bution and the liquid-to-total surface area of all solids is more relevant than the
employment of rheology modifiers;

• The amount of rheology modifiers employed in the mix did not significantly influ-
ence the mechanical properties of most evaluated composites.

• XVA3PVA20 and YVA4PVA20-S05 are composites which have proven to have high
mechanical performance and superior printing quality and therefore, must be con-
sidered for further developments in the construction printing industry.
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MECHANICAL BEHAVIOUR OF

PRINTED STRAIN HARDENING

CEMENTITIOUS COMPOSITES

"Who am I, really?” The search for an answer produces feelings of alienation and anxiety
and can only be relieved when one accepts that inner self and receives public recognition

for it.

Francis Fukuyama, Identity: The demand for dignity and the politics of resentment.

Extrusion based additive manufacturing of cementititous materials have demonstrated
strong potential to become widely used in the construction industry. However, the use of
this technique in practice might be conditioned to a feasible solution to implement rein-
forcement in such automated process. One of the most successful ductile materials in civil
engineering, strain hardening cementitious composites (SHCC) has a high potential to be
employed for 3 dimensional printing. The match between the tailored brittle matrix and
ductility of the fibres enables these composites to develop multiple cracks when loaded un-
der tension. Using previously developed mixtures, this study investigates the physical and
mechanical performance of printed SHCC. The anisotropic behaviour of the materials is
explored by means of mechanical tests in several directions and micro computered tomog-
raphy tests. The results demonstrated a composite showing strain hardening behaviour
in two directions explained by the fibre orientation found in the printed elements. More-
over, the printing technique used have also guaranteed an enhanced bond in between the
printed layers.

This chapter has been published in S. C. Figueiredo, C. R. Rodríguez, Z. Y. Ahmed, D. H. Bos, Y. Xu, T. M. Salet,
O. Çopuroğlu, E. Schlangen, and F. P. Bos. Mechanical Behavior of Printed Strain Hardening Cementitious
Composites. Materials. vol. 13, p. 2253. 2020. [119]
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4.1. INTRODUCTION

T HE additive manufacturing of cementitious materials (AMoC) is rising as one of the
solutions to achieve fully automated building processes. One of the most rapidly

spreading technologies is extrusion-based deposition of subsequent layers, popularly
known as 3D concrete printing (3DCP) [120]. In 3DCP, printable mortars are used that
attain a dough-like consistency in a single stage mixing process, or in a double stage pro-
cess in which accelerators or viscosity modifiers are added at or near the printing head.
The printed material should be able to resist their self-weight, as well as the loads caused
by additional layers. Many publications have already testified the success and potentials
of this new construction technique [72, 73, 121, 122]. Different types of materials have
been used to print such as geopolymers [123], calcium aluminate cement [94], calcined
clay cement [124, 125], Portland cement with copper tailing [16] and many other exam-
ples.

As cementitious materials demonstrate brittle failure behaviour, their application in
construction requires a form of reinforcement to ensure structural safety. In conven-
tional cast concrete, reinforcement with steel bars is generally used, as well as some
other strategies such as pre-stressed reinforcement, fibre reinforcement, or a combina-
tion thereof. These solutions are not necessarily applicable to 3DCP, as they may inter-
fere with the manufacturing process, limit the geometrical freedom presented by 3DCP,
produce insufficient residual strength, or apply only to rather specific situations. As it
is generally recognized, lack of suitable reinforcement methods could seriously hinder
the potential applicability of the technology [126, 127], several options are being devel-
oped by different groups. Until now, only two strategies have been presented that are
fully integrated with the 3DCP process: the automated entrainment of reinforcement
cable [19, 90, 128, 129], and the application of fibres which will be further discussed in
this manuscript. Several studies have already demonstrated strategies to reinforce ex-
truded cementitious composites, a process similar to 3DCP, as demonstrated by Shen et.
al. [130] with layered elements with different PVA fibre content or using natural fibres
[131]. Fibre reinforcement for printed concrete was initially studied by Hambach and
Volkmer [132]. They tested not only different fibres (carbon, glass and basalt) to rein-
force a blended cement paste with silica fume but, also different printing patterns. Other
studies assessed the influence of various fibre types on mechanical properties, such as
the tensile and compressive strengths, the interlayer strength, and ductility [133–137]. A
dominant orientation of the fibres in the flow direction is commonly reported. In this
direction, tensile strength is found to be higher [132, 133, 137]. An important aspect to
consider is whether the applied fibres are compatible with the 3DCP equipment that is
used.

A special family of fibre reinforced mortars are the Strain-Hardening Cementitious
Composites (SHCCs, in literature also referred to as Engineered Cementitious Compos-
ites, ECCs). This type of material is able to absorb significantly higher amounts of energy
during failure by tensile forces in comparison to a conventional fibre reinforced material.
The strain hardening performance is obtained by tailoring the bond strength between
the fibre and the matrix. This behaviour enables this type of composite to develop a very
small and well distributed cracking pattern [21]. This results is superior behaviour in
terms of mechanical performance [138], durability [139] and when employed as a repair
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mortar [140].

Therefore, SHCC has significant potential in automated concrete manufacturing.
Some researches have already reported the use of this material in the development of
mixtures to be applied in 3D printing of cementitious composites. In one of the first
published investigations regarding the printability of SHCCs, fresh state properties were
assessed when some of the constituents of the matrix were changed [94]. Typically 2%
by volume of PVA fibres (12mm length and 40µm diameter) were reported as reinforce-
ment. With the exception of reference′ mixtures 0.4 wt% of hydroxypropyl methylcel-
lulose (HPMC) was used as a rheology modifier. To increase the setting speed some of
the evaluated mix-designs contained calcium aluminate cement and silica fume as well.
A manual caulk-gum apparatus was used to print specimens out of selected mixtures.
Some of the authors′ conclusions stated that calcium aluminate cement has effectively
accelerated the hardening what positively contributes to the buildability of this type of
material. The mixing parameters such as water temperature and batch volume have sig-
nificantly influenced rheological properties and therefore, must be controlled to achieve
reproducible printing results. Finally, modifications of the SHCC′ mix-design, to facili-
tate the printing process, did not affect the strain-hardening properties of the composite
(around 4% maximum strain capacity). In a subsequent study, printed ECC with varying
fibre content per layer was presented as a strategy to optimize fibre usage [141].

The anisotropic stress-strain behaviour of a PVA reinforced SHCC was subject of
a study performed by Yu and Leung [142]. Remarkably, they reported limited strain-
hardening performance when load was applied perpendicularly to the interfaces. Never-
theless, the mechanical performance was found when the load was applied in the same
direction of the printing.

Another investigation on printable SHCCs was presented by Ogura et. al. [143], who
used an automated printing setup based on a moving printing head connected to a pro-
gressive cavity pump. An extensive experimental investigation was performed with mix-
designs composed of CEM II/A-M (S-LL) 52.5R, silica fume, fly ash, sand of maximum
grain size of 1 mm and high-density polyethylene microfibres (HDPE). Three different
reinforcement levels were investigated (0.3, 1 and 1.5 vol.%) along with three sand-to-
binder ratios and two water-to-binder ratios. Extrudability tests were performed using
a ram-extruder and the flowability was measured by means of a standardized flow test.
Composite′s mechanical performance was assessed by means of direct tensile and com-
pressive tests to evaluate printed and cast specimens. The authors showed that the ex-
trusion force strongly depends on the proportions of raw materials. The total volume
of fibres were not a crucial factor in this property, but sand-to-binder ratio has played
an import role. Results pointed out that using smaller amount of sand in the mixtures
usually leads towards lower extrusion forces due to increased cohesion. Moreover, the
mechanical properties of printed materials were specially improved. Probably due to
the preferential alignment of the fibres in printed samples, the total strain capacity of
the composites reinforced with 1.5 vol.% were significantly improved. All tested speci-
mens delivered strain-hardening behaviour with multiple small cracks.

Another interesting use of the anisotropic behaviour that extrusion based materials
own were reported by [144] and [145]. These studies have demonstrated that the dif-
ferent mechanical properties for different directions can be used to develop larger scale
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materials with enhanced properties and optimized performance.

Chapter 3 and [60] have extensively evaluated the rheological parameters involved
in the development of printable SHCCs. Several modifications in the mix-design of such
composite were investigated using a ram-extruder coupled with the Benbow-Bridgewater
model [110]. With the developed methodology, rheological properties of printable mate-
rials on their relation to the ability of the given mixture to possess adequate printability
and buildability. From that research two outstanding mixtures were selected to be used
in the current study.

The aim of this study was to give a comprehensive evaluation of physcial and me-
chanical properties of SHCC specially tailored to be 3D printed. As it was expected
that the extrusion of the material might generate preferential orientation of fibres and
consequently anisotropy, a protocol was followed to characterize the composite. Non-
destructive techniques were employed to study the air void content and fibre orienta-
tion. Particularly the interface region between layers was of interest. In addition, a range
of destructive mechanical tests were performed to determine compressive, tensile, and
flexural strength and toughness. Various loading directions (relative to the print path)
were assessed, as well as 2 print layer interval times and 4 beam geometries (for flexural
bending).

4.2. EXPERIMENTAL METHODS

4.2.1. MATERIALS AND METHODS

Two types of SHCC were evaluated. They were created based on [111] and [112]. Their
rheological properties were explored in an earlier publication [60]. In that study the in-
fluence of water, superplasticizer and viscosity modifier admixture (VA) contents, as well
as the fibre volume and sand grain size distribution on the rheology of theses mixtures
were evaluated. As it was reported, only one mix-design of each SHCC were chosen to
be printed. They had the best initial shear and bulk yield stresses along with a successful
printability tests. These two rheological properties were considered essential to extrude
fibre reinforced cementitious composites. In Table 7.2 the composition of each mixture
was given. The initial bulk and shear yield stresses of both mixtures were (34.74±5.20)
kPa and (4.41±0.18) kPa for XVA3PVA20 and (34.26±1.98) kPa and (2.49±0.08) kPa for
YVA4PVA20-S05, respectively. Physical and chemical characteristics of the raw material
used can be found in in [60].

A total volume of 50 litres of SHCC were prepared. Due to high viscosity in the fresh
state of both mixtures, two batches of 25 litres were mixed in a planetary mixer. The
material was printed at the Eindhoven University of Technology facilities, previously re-
ported in [72]. The material was printed as long beams shape of one, two, three and
four layers, as illustrated in Figure 4.1. Each layer had a rectangular cross section shape
with 10 mm thickness and 50 mm width. The printer head was moved at 100 mm/s. The
time interval between two contiguous layers was 3, 2, and 4.5 minutes, respectively for
elements printed with two, three and four layers. An extra element with two layers was
printed. The time interval between the two layers was 36 minutes. The later element was
printed to investigate the time dependency of the tensile strength of the bond interface.

Both mixtures were printed in two consecutive days. After 24 hours of the printing
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Figure 4.1: Printing table with final printed elements with one, two, three and four layers.

Table 4.1: Mix design summary in [kg /m3]

XVA3
PVA20

YVA4
PVA20-S05

CEM I 42.5 259.2 480.2
Blast Furnace Slag 604.9 0
Fly ash 0 567.6
Limestone powder 864.1 109.1
Sand (125 - 250)µm 0 186.3
Sand (250 - 500)µm 0 294
PVA 26 26
HPMC 5.1 6.5
Superplasticizer [g] 17.3 13
Water 345.6 327.4

session, the long printed beams were sawn into several pieces and stored in a curing
chamber at (20 ± 2) ◦C and relative humidity of (98 ± 2)% for the rest of the curing period.

4.2.2. MECHANICAL CHARACTERIZATION
To investigate the mechanical properties of printed composites an extensive experimen-
tal investigation is proposed. Through this study the printed material′s performance was
detailed and the influence of the printing process is compared with results reported in
[60] for the same mixtures, traditionally cast.

COMPRESSIVE STRENGTH TEST

Compressive tests were performed in a servo hydraulic machine with a constant load
rate of 2 kN/s. Cubes of 35 mm side were sawn from four layers beams and compressive
strength was measured at 14 and 28 days. As an anisotropic behaviour is expected due to
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the printing technique, the compressive load was applied perpendicular and parallel to
the printing plane, corresponding to direction I and II, respectively as defined by [146].

FRACTURE TOUGHNESS TEST

Specimens with dimensions of 30×40×160 mm3 were sawn from four layers printed
beams for fracture toughness test at 28 days of curing. A notch was created in those spec-
imens with a width of 4.5 mm and height of 7 mm for XVA3PVA20 samples and 10 mm
for YVA4PVA20-S05. A three-point bending test was performed by controlling the crack
mouth opening displacement (CMOD) at a rate of 0.8 µm/s until the first crack (elastic
phase) and 3.3 µm/s for the rest of the test (plastic phase). Two linear variable differen-
tial transformers (LVDT) were used in the middle of the span to measure the deflection
during bending.

The results from this test were treated to obtain several composites parameters that
are useful for the mechanical performance characterization. Figure 4.2 exemplify these
values. The following data can be extracted from the flexural stress - CMOD curves ob-
tained from the tests:

• Limit of proportionality (LOP) and its respective CMOD value: The LOP is the flex-
ural stress obtained from the the first point out of the linear elastic phase;

• Modulus of rupture (MOR) and its respective CMOD value: The MOR is the maxi-
mum flexural stress of the composite;

• Matrix crack tip fracture toughness (Jt i p ): This value gives information regarding
the matrix of the composite, measuring the amount of energy needed from the
material to go over the elastic phase [147–149];

Jt i p =σLOPϵLOP −
∫ ϵLOP

0
σ(ϵ)dϵ (4.1)

• The complementary energy (Jb): This is the complementary energy needed to
achieve MOR of the composite. Therefore, this value gives information regard-
ing the amount of energy needed from the fibres being pulled-out from the matrix
up to the maximum flexural stress [147–149].

Jb =σMORϵMOR −
∫ ϵMOR

0
σ(ϵ)dϵ (4.2)

FOUR-POINT BENDING TEST

Samples with one, two, three and four layers were evaluated through four-point bending
ageing 14 and 28 days of curing. These specimens were sawn from the printed elements
to homogenize their width (approximately 40 mm) and the length (approximately 150
mm). This test was performed in an Instron 8872, applying a deflection speed of 1 mm/s.
The span of the test was 120 mm and the load was applied by two metal rods spaced 40
mm from each other. Two LVDTs were used to measure the deflection in the middle of
the span. During this test the load was applied perpendicularly to the printing plane.
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Figure 4.2: Typical CMOD curve with a representation of the calculated parameters

UNI-AXIAL TENSILE TEST

Assuming that the printing technique would induce preferential orientation on the fibre
direction, tensile tests were performed in specimens with one layer. Printed beams were
sawn to create two batches of specimens which were tested after 35 days of curing. One
batch had its tensile properties measured in the printing direction (LPA). The specimens′
had a width of 40 mm and a length of 150 mm. Another batch was tested with uni-axial
tensile set-up with the load applied perpendicular to the printing direction (LPE). The
specimens had a width of 35 mm and a length of 30 mm.

With the help of a LVDT sensors the uni-axial tensile test was carried out in displace-
ment control with loading rates of 1 and 0.2 µm/s respectively for samples in LPA and
LPE. These two rates corresponds to the same deformation ratio of 6.67 µstrain/s.

Specimens undergoing tensile testing had their front surface prepared for digital im-
age correlation (DIC) analysis. A layer of white paint was applied on the front surface of
the sample and randomly distributed black dots were made with a permanent marker.
This pattern helps enhancing the contrast needed for the DIC software to calculate the
displacements during test. The open source software Ncorr2 was employed for the DIC
analysis [115] with a subset radius of 57 and subset space of 1 pixel. A Cannon EOS 6D
camera with 28 - 75 mm Tamron aspherical lens was employed to obtain a frame every
two seconds. An approximate resolution of 48µm/pixel was obtained.

UNI-AXIAL TENSILE TEST OF TWO PRINTED LAYERS

As reported elsewhere [146, 150, 151], bond interface between printed layers can be the
weakest region on the composite. The time interval between two layers, which amongst
others is a function of the object size and print nozzle speed, is crucial [146, 151]. When a
critical threshold time interval is exceeded, a so-called cold-joint may be formed leading
to a significantly reduced strength compared to the bulk material. This phenomenon is
well known in the field of concrete repair [152, 153]. Recommendations to avoid prob-
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lems in this area usually point out larger surface contact employing grooved surfaces
and substrate pre-wetting to enhance the bond between both materials. Most of the
techniques cited before have not yet been approached within the 3D printing context.
The application of an articulated interlock has been successfully applied by Zareyian et
al. [12] to significantly increase the bond strength.

In order to study the mechanical performance of the interface of two printed layers,
elements with two layers were printed with the second layer being placed within two
different time intervals (3 and 36 minutes). Afterwards, the specimens were sawn from
such elements in order to create prismatic specimens sized 10×10×20 mm3. At the age
of 28 days, these specimens were tested applying a tensile load perpendicular to the in-
terface plane between two printed layers. The deformation was at 0.1 µm/s by means of
LVDT sensors. This rate corresponds to a strain rate of 5 µstrain/s. Through this test the
interface bond strength could be assessed, and failure zone could be identified.

4.2.3. AIR VOID CONTENT AND FIBRE ORIENTATION ASSESSMENT

To allow a more extensive interpretation of the results of the mechanical tests described
in the subsequent subsections, non-destructive scanning was performed to determine
the air void content and fibre orientation in the printed composite. The interface area
where two layers meet is the most interesting region in this kind of composite. Several
studies have used non-destructive methods to study the local microstructure [151], to
relate growing layer interval times to increased porosity [154], and larger capillary water
ingress [155].

To evaluate the anisotropic behaviour of printed fibre reinforced cementitious ma-
terials X-ray computerized micro tomography (X-ray CT) was performed by means of a
Phoenix Nanotom X-ray. X-ray CT was performed on prismatic specimens with dimen-
sions 10×10×20 mm3, sawn from two-layers printed beams of each studied mixture. A
notch was made in the sample to indicate the printing direction. The values of acceler-
ating voltage and current to generate the x-ray beam were chosen to achieve a resolution
of 7.5µm. 3D reconstruction of the acquired radiographs was done through the software
VG Studio.

The reconstructed 3D volume was then analysed with the help of Trainable Weka
Segmentation tool [156] from FIJI [157]. Two different segmentation procedures were
implemented in order to 1) quantify the air voids and 2) to qualitatively and quantita-
tively assess fibres orientation in the composite.

The latter segmentation was carried out only on two randomly selected represen-
tative elementary volume (REV) extracted from each of the layers of the reconstructed
volume. The REVs were composed by two stacks of 75 pictures, one in each printed
layer. Therefore, in total four volumes consisting of a minimum of approximately 150
mm3 were analysed per mixture. The latter segmentation distinguished between four
phases, namely: air voids, bulk paste, large limestone grains and finally the imprints left
from the fibres in the matrix. The segmented REVs were transformed into binary images
to distinguish further between fibre imprints and the other phases. The segmented fi-
bres were further filtered by constraining the individual fibre imprints to have at least an
area of 10 pixel2 and a low circularity, between 0 and 0.3. To determine the orientation
of a given fibre the Feret′s angle was used. This angle is given in a range from 0 to 180◦.
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Table 4.2: Compressive strength of printed samples [MPa]

Age
[days]

XVA3
PVA20

YVA4
PVA20-S05

Printed layers
perpendicular to the load

14 37.63 ± 3.8 14.57 ± 0.39

28 44.09 ± 4.33 17.66 ± 0.24
Printed layers parallel

to the load
14 34.98 ± 1 12.03 ± 1.04

28 41.93 ± 1.88 15.02 ± 0.52

According with the samples preparation horizontal fibres (angles of 0 or 180◦) represent
totally alignment with the printing direction, and vertical fibres (90◦) represent totally
perpendicular alignment to the printing direction. These results were used to investi-
gate the influence of the extrusion of the material on the final fibre orientation of the
printed composite.

4.3. RESULTS

4.3.1. COMPRESSIVE STRENGTH

The results obtained from the compression test were summarized in Table 4.2. Although
slight differences in compressive strength between loading directions in perspective to
the printing plane were observed for both compositions, they are rather small (between
5 and 15 %). For the X series, the difference is less than the standard deviation, for the
Y series somewhat larger. This seems to be more or less in line with results reported in
literature: either a limited [158] or no directional dependency was found [7, 146]. The
compressive strength of these printed specimens was also found to be close to the com-
pressive strength of cast specimens, as presented in [60]. As Wolfs et al. [146] reported a
significant strength reduction for printed specimens compared to the cast ones, it seems
that the dough like consistency of the proposed SHCC discussed in this study was less
vulnerable to casting parameters, such as compaction.

4.3.2. FRACTURE TOUGHNESS TEST

The flexural stress - CMOD curves obtained from the fracture toughness test are shown
in the Figure 4.3 and the results are summarized in the Table 4.3. Both mixtures pre-
sented ductile behaviour, although mixture XVA3PVA20 achieved superior performance.
According to [147–149] in order to obtain pseudo strain-hardening behaviour the com-
posite must satisfy the condition Jb > Jt i p . As can be observed in the summarized results
the performances of both composites are in agreement with this condition. However, the
XVA3PVA20 specimens exhibited considerably more stiff post-crack behaviour than the
YVA4PVA20-S05 specimens. This means that the fibres immediately took over the tensile
stresses, what might indicate a much stronger mechanical bond between the fibre and
the matrix.
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Figure 4.3: Flexural stress × CMOD curves from fracture toughness tests.

Table 4.3: Summary of results obtained for fracture toughness test.

XVA3PVA20 YVA4PVA20-S05

LOP [MPa] 1.10 ± 0.17 0.56 ± 0.04
CMOD at LOP [µm] 10.60 ± 1.29 9.49 ± 0.93
MOR [MPa] 1.84 ± 0.09 0.97 ± 0.10
CMOD at MOR [µm] 341.99 ± 4.00 545.06 ± 112.15
Jt i p [kJ/m2] 16.37 ± 4.51 7.11 ± 1.51
Jb [kJ/m2] 430.74 ± 14.62 260.94 ± 67.97
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Figure 4.4: Flexural hardening behaviour for X samples cured for 14 days.

4.3.3. FOUR-POINT BENDING

The results obtained from the four-point bending test of 28 days cured samples are shown
in Figures 4.5 and 4.6, as an example. At both curing ages flexural hardening perfor-
mance was obtained for all samples. Nevertheless, the results show better performance
for XVA3PVA20. This indicates a lower probability to obtain strain hardening perfor-
mance for composites YVA4PVA20-S05. Although on average, YVA4PVA20-S05 speci-
mens showed strain hardening behaviour, a small number of individual specimens did
not. Furthermore, no significant differences were found when the flexural performance
of one-layer 3D printed samples is compared to that of conventionally cast samples [60].

As it can be observed from the flexural stress - deflection curves and also summa-
rized in the Figure 4.4, the number of layers of the printed element influences greatly
the flexural hardening response. A lower number of cracks was registered for samples
with more than one printed layer as well as lower values of deflection at the maximum
flexural strength. These results indicate decreased ductility for thicker components.

This behavior is related to two main causes. The first one is purely geometrical:
higher tensile stresses are generated in the tension zone due to the increased moment
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Figure 4.5: Flexural hardening behaviour for X samples cured for 28 days.

of inertia of the cross section. As a result, fibres are pulled-out more promptly to absorb
the tensile stresses, limiting the crack propagation and the regain of flexural strength.

A second factor that plays a role is related to the printing technique employed. In
order to obtain thicker elements, four layers were extruded on top of each other. This
deposition generates interface regions that can be weaker, stronger or have the same me-
chanical properties as the bulk of the composite. In [159] the authors studied the influ-
ence in the overall mechanical performance of materials with embedded regions where
properties are different from the bulk, like the interface in between layers observed in
3d printing of cementitious materials. In their study they showed that if the interface
has better mechanical performance than the rest of the material, the total fracture crack
energy increases. In the case of SHCCs, the results found by them led towards some loss
in ductility. This is in accordance with the experimental results shown in Figure 4.4.

4.3.4. UNI-AXIAL TENSILE TEST
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Figure 4.6: Flexural hardening behaviour for Y samples cured for 28 days.
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Figure 4.7: Strain hardening behaviour of X specimens cured for 35 days when LPA is applied.

Table 4.4: Mechanical performance at first crack of printed composites.

Tensile strength
first crack [MPa]

Deformation at
first crack [%]

XLPA 1.53 ± 0.23 0.023 ± 0.006
XLPE 1.84 ± 0.47 0.017 ± 0.003
YLPA 1.28 ± 0.33 0.022 ± 0.017
YLPE 1.15 ± 0.2 0.012 ± 0.003

LOADING PARALLEL TO THE PRINTING DIRECTION (LPA)

Figures 4.7 and 4.8 show the stress - strain curves resulting from the uniaxial tensile tests
in LPA for mixture X and Y, respectively. In tables 4.4 and 4.5 all the results from uniaxial
tensile tests are shown, including both loading directions for both mixtures, respectively.
It results evident that tensile behavior of the composites varied dramatically when tested
in LPA or in LPE. Strain hardening behaviour was obtained for XVA3PVA20 specimens
whereas only few samples from YVA4PVA20-S05 composites could be classified as such.
The large deviations found for the values of deformation at maximum tensile strength for
YVA4PVA20-S05 specimens is also an evidence of the better mechanical performance of
XVA3PVA20. DIC results also helped to clarify this conclusion. The last picture of the
test is used to illustrate the crack patter in figures 4.9, 4.10, 4.11 and 4.12. These figures
show the large cracks distribution at the end of the test. Using DIC results together with
the stress - strain curves it is possible to conclude that multiple cracking was obtained
in all samples, with the exception of specimen number 4 from YVA4PVA20-S05 samples.
Towards the end of the test several large cracks formed and usually one of them concen-
trated the large displacements until reaching final failure of the composite. The mechan-
ical performance obtained in this research are similar to what was previously reported
for the same mixtures in [60].
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Figure 4.8: Direct tensile tests results of Y specimens cured for 35 days when LPA is applied.

Table 4.5: Maximum mechanical performance of printed composites.

Maximum tensile
strength [MPa]

Deformation at maximum
tensile strengh [%]

XLPA 2.4 ± 0.26 0.26 ± 0.08
XLPE 2.41 ± 0.36 0.31 ± 0.26
YLPA 1.64 ± 0.23 0.15 ± 0.12
YLPE 1.65 ± 0.27 0.29 ± 0.26

(a) Specimen 1 (b) Specimen 2 (c) Specimen 3 (d) Specimen 4 (e) Specimen 5

Figure 4.9: Crack pattern obtained from DIC analysis on X samples - Horizontal Deformations.



4

62
4. MECHANICAL BEHAVIOUR OF PRINTED STRAIN HARDENING CEMENTITIOUS

COMPOSITES

(a) Specimen 1 (b) Specimen 2 (c) Specimen 3 (d) Specimen 4 (e) Specimen 5

Figure 4.10: Crack pattern obtained from DIC analysis on X samples - Vertical Deformations.

(a) Specimen 1 (b) Specimen 2 (c) Specimen 3 (d) Specimen 4 (e) Specimen 5

Figure 4.11: Crack pattern obtained from DIC analysis on Y samples - Horizontal Deformations.

(a) Specimen 1 (b) Specimen 2 (c) Specimen 3 (d) Specimen 4 (e) Specimen 5

Figure 4.12: Crack pattern obtained from DIC analysis on Y samples - Vertical Deformations.
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For both series XVA3PVA20 and YVA4PVA20-S05 the total strain capacity of the com-
posites was affected by the printing technique when compared with the original results
of these composites [111] and [112]. Several factors contributed to the degradation in
composites ductility, such as: mix-design modification to make these materials print-
able, casting and mixing procedures. Regarding the lower total volume of water used
and the use of HPMC, both modification would generate stronger matrices due to lower
capillary porosity as a consequence of the lower water/binder ratio, and the internal cur-
ing promoted by the release of arrested water in the HPMC molecules [160]. Moreover,
further in this study another important difference was also discovered and will be ad-
dressed to justify the loss in the overall composite′s ductility.

LOADING PERPENDICULAR TO THE PRINTING DIRECTION (LPE)
The possibility of creating preferential fibre orientation in the extruded composite is one
of the most important differences of such technique when compared to conventional
casting. While extruding the pressure applied in the fresh mixture has the power to
change the direction of the fibres, increasing the probability to find fibres longitudinally
oriented towards the extrusion direction [132].

This issue is a matter of large interest of researches and industry. One of the tech-
niques used to characterize the fibre orientation is the mechanical testing itself. In the
case of fibre reinforced cementitious composites the lack of fibres in one of the direc-
tions would result in lower ductility or especially in the case of SHCCs the lack of strain
hardening.

Figures 4.13 and 4.14 show the results recorded during a tensile test with LPE. Results
obtained during these experiments showed that the printing technique have indeed ori-
ented a large amount of fibres longitudinally, especially the ones found in YVA4PVA20-
S05. Nevertheless, high ductility was still found for those composites. Moreover, in the
case of XVA3PVA20 samples strain hardening properties were still found. This indicates
that even if the extrusion process oriented the fibres in the mixture, the amount of re-
inforcement left in other directions was enough to guarantee SHCC performance. How-
ever, it is noteworthy to point-out that large deviations were found for values of defor-
mation at maximum tensile strength for both mixtures, as seen in Table 4.5. This means
that the preferential fibre orientation formed during the extrusion process created high
anisotropy in the composite.

4.3.5. TENSILE BOND STRENGTH OF INTERFACE
Figures 4.15(a), 4.15(b), 4.15(c) and 4.15(d) show the tensile - strain curves resulted from
the direct tensile tests of two printed layers of all evaluated mix-designs and time inter-
vals. Samples named 2T had their second layer deposited after 3 minutes and 2TT after
36 minutes. The average tensile strength of these samples are also summarized in the
Figure 4.16.

The first conclusion that can be taken from the test is that the specimens showed
little ductility and no strain hardening behaviour in this direction. This was expected
and should be attributed to the fact that only very few fibres bridge the fracture surface.
In line with the other mechanical tests, the interface tensile strength of the YVA4PVA20-
S05 specimens is smaller than that of the XVA3PVA20 specimens. On average, a small
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Figure 4.13: Strain hardening behaviour of XLPE cured for 35 days.
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Figure 4.14: Strain hardening behaviour of YLPE cured for 35 days.
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(a) X2T
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(c) Y2T
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(d) Y2TT

Figure 4.15: Layer interface tensile bond strength.

influence of the interlayer interval time was found, but the scatter is such that this cannot
be considered significant.

The interface strength specimens with either material is comparable to or even slightly
more than the tensile strength for LPA and LPE, i.e. of the bulk material. Often, it is re-
ported that the layers interface tensile strength is lower than the bulk tensile strength
[7, 146]. In the case of the currently studied materials, this difference will be further
discussed in the section where CT-scan results are discussed. As reported by [150] the
nozzle height influences the bond tensile strength between printed layers. Therefore,
pushing one layer against the other generates a compacted area at the interface. A vi-
sualization of the consequence of this printing technique will also be illustrated in the
section where CT-scan results are discussed.

As mentioned before, the use of HPMC in the mixture might also have contributed
to the enhancement of this interface region. This admixture is known to work as a water
reservoir while the mixture is still in the fresh state. This property also contributes to
the phenomenon known as internal curing of cementitious composites and has been
investigated before [160].

These results are very important to the development of new materials and technolo-
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Figure 4.16: Average layer interface tensile bond strength.

gies for the printing of cementitious materials. Strain hardening was achieved in two
directions, whereas only minor ductility was observed in the third. This confirms the
intrinsic anisotropy that the technology brings.

4.3.6. CT-SCAN

In order to directly investigate the particular anisotropy of the studied composites, X-ray
micro CT was employed. So far, the results pointed out that a composite with anisotropic
mechanical behaviour was developed, with ductility being achieved for tensile loads ap-
plied in parallel and perpendicular to the printing direction and brittle behaviour when
two printed layers were pulled apart.

Comparing the results obtained from the direct tensile test of LPA, the achieved duc-
tility was lower than the one reported in [111]. The reason why the ductility found for
those composites was bellow expectations can be given analysing the total air void con-
tent found in printed samples. This amount was significantly higher than what is usually
found for SHCCs in literature. As these air voids can work as an obstacle to the fibre ori-
entation they undermine the mechanical performance of the printed composites as well.
The causes of increased porosity in cementitious composites which had its rheological
properties modified by HPMC were discussed along with modifications in the hydration
progress of cement paste by [160].

Observing the air void distribution along the height of two printed layers another in-
teresting result was found. From Figures 4.17(a), 4.17(b), 4.18(a), 4.18(b), it was possible
to visualize that the printing technique used in this investigation contributed positively
to the mechanical performance of the bond strength of the interface between layers. As
it can be noticed, the interface between the layers is the region with the lowest air void
content in the sample. Therefore, this interface was not the weakest zone in the compos-
ite making it less probable that a crack would propagate through that zone. Neverthe-
less, it is also important to emphasize that the regions just under and above the interface
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between layers have, in general, higher air void content.
In order to investigate the effect of air void distribution along the height of the printed

beam on the fibre orientation, also the fibre orientation distribution was analyzed through
X-ray micro CT. Figure 4.19, shows the orientation of the fibres in the printed layers. The
results found go in accordance with the results found in the mechanical test, especially
the tensile test with LPA and LPE when ductility was found in both directions. Therefore,
the extrusion process of this type of mixtures preferably oriented the fibres diagonally in
relation with the printing direction. Two hypothesis are given to justify this distribution.
The first one might be related to the fact that PVA fibres are flexible and the extrusion
forces applied to them are too high, causing a kind of turbulence. The second reason
and most probably the strongest factor is again related to the printing technique and
to facilitate the understanding it is also schematically represented in Figure 4.20. As dis-
cussed before the printed layers are always extruded against the previous one. Therefore,
the extrusion forces exert shear stresses to the printing plane causing a small spread of
the material in this plane. Moreover, the combined effect of the extrusion forces and the
movement of the printing nozzle generate the observed fibre preferential orientation.

4.4. CONCLUSIONS
In this experimental study PVA-reinforced cementitious composites printed via additive
manufacturing process was extensively characterized. The methodology developed in
[60] was followed for the development of printable cementitious composites. A sum-
mary of the main conclusions of the present investigations are given:

• Two types of fibre reinforced cementitious composites were successfully printed
and characterized. Both demonstrated anisotropic mechanical behaviour when
tested in direct tensile load with ductility found in two directions loaded parallel
and perpendicular to the printing direction (LPA and LPE) and brittleness in the
third direction (between two printed layers);

• Both composites showed flexural and strain hardening behaviour, as well as mul-
tiple cracking, in LPA. Moreover, only the samples with 0.3 wt.% of HPMC and
reinforced by 2 vol.% (XVA3PVA20) showed strain hardening in LPE;

• Besides the fact that both mixtures resulted in flexural hardening, 4-point bending
tests also showed that thick samples fail in a more brittle way. This behaviour is
due to the larger tensile forces in the tension zone. Higher forces cannot be dis-
tributed homogeneously to the fibres. Consequently, the energy dissipated during
the cracking can not be distributed along the specimen to create multiple crack-
ing. Further research is needed to develop ductile composites that could dissipate
such high energy;

• Extruding a printed layer against the previous one is a good strategy to enhance
its bond strength. As observed in this study the interface tensile strength of both
mixtures were in the same range of values of the first crack when composites were
loaded in LPA and LPE, independently on the time taken to deposit the top layer.
Therefore, this was not a week zone in the composite;
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(a) X2T

(b) X2TT

Figure 4.17: Average air void content and diameter distribution in the height of a 2 layers printed element of X
series.
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(a) Y2T

(b) Y2TT

Figure 4.18: Average air void content and diameter distribution in the height of a 2 layers printed element of Y
series.
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(a) XVA3PVA20
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(b) YVA4PVA20

Figure 4.19: Average fibre orientation of both printed mixtures

Figure 4.20: Schematic view of fibre orientation due to the printing technique.
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• The same extrusion technique that helped to improve tensile bond strength be-
tween printed layers, may also have played a role in the fibre orientation, which
was observed to be mainly diagonal to the print direction, rather than parallel to
it. Flow speed differences in the filament likely also contribute to this fibre orien-
tation;

• As observed in chapter 3 and [60] and confirmed during the experiments reported
in the current study, composites with matrices richer in blast furnace slag showed
better mechanical performance than the composites rich in fly ash.
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EFFECT OF VISCOSITY MODIFIER

ADMIXTURE ON PORTLAND

CEMENT PASTE HYDRATION AND

MICROSTRUCTURE

No one is born fully-formed: it is through self-experience in the world that we become what we are.

Paulo Freire

Significant attention has been given to the development of new materials and techniques to be em-
ployed in the construction market. One of the techniques which has drawn noticeable attention is
the additive manufacturing process (a.k.a. 3-dimensional printing (3D printing)). One of the ap-
proaches of this construction technique is the extrusion of cementitious composites to form contour
of a desired geometry. To achieve high viscosity in cementitious materials, usually viscosity modify-
ing admixtures (VMA) are employed. However, the consequences of using these admixtures at high
dosages is still not fully understood. This study characterized the influence of different VMA dosages
on Portland cement paste, through a microstructure analysis. Hydration development was assessed,
and effect of the admixture was quantified at different curing ages. Techniques such as thermo-
gravimetric analysis, optical and electron microscopy, X-ray diffraction, Fourier transform infrared
spectroscopy, micro computed tomography scan and nanoindentation were employed. Important
negative side effects were found such as: VMA increasing the cement setting time, anomalous disper-
sion of hydration products in the bulk and increasing the void content. On the other hand, positive
effects were also found such as: evidence of internal curing, higher degree of hydration and lack of
undesired hydration products.

This chapter has been published in S. C. Figueiredo, O. Çopuroğlu, and E. Schlangen, Effect of viscosity modi-
fier admixture on Portland cement paste hydration and microstructure, Construction and Building Materials,
vol. 212, pp. 818-840, 2019. [160]
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5.1. INTRODUCTION

A Promising construction technique which has drawn notable attention in the past
few years is the additive manufacturing (AM). This revolutionary technique is likely

to open a new era in the construction industry, optimizing process and materials [83].
AM is a general classification for technologies which fabricates objects with the help of
automated equipment, directly from a digital design technology [5, 6]. There are several
different techniques to manufacture the objects developed based on AM, such as the
powder bedding with an inkjet head [82] or the laser melting [161], and the counter craft
technology which employs extrusion techniques to fabricate objects [11]. Both AM tech-
nologies build as object through a layer by layer deposition process. The counter-craft
AM has drawn a lot of attention in the construction market as its implementation looks
feasible to be applied in large scale. It should be noted that materials with unique prop-
erties need to be developed to meet the mechanical and durability-related requirements
of a long-lasting and safe structure.

Recent investigations have shown the development of cementitious composites with
different aggregate particle sizes. Concrete and mortars have been developed with print-
able characteristics. In some studies fibres have been incorporated to stabilize the mix-
ture at fresh state or to minimize the occurrence of cracks due to shrinkage. However, the
materials and printing methods have not yet delivered solutions to improve the hard-
ened performance of composites when loaded in tension [13, 72].

Moreover, researchers have addressed this problem developing a technique to pro-
duce mortar filaments through AM reinforced by a steel wire. Higher ductility was achieved
with samples reinforced by the steel wire. Further, more research is needed to enhance
the interface bonding between the wire and the mortar [19].

Another strategy to increase the ductility of printed brittle materials is fibre incor-
poration. Great plastic deformations can be achieved on cementitious composites rein-
forced by fibres, namely strain hardening cementitious composites (SHCC). This type of
composite can deliver high tensile strain, strength and frequent but tiny multiples cracks
under tensile loading [21].

SHCCs are cementitious composites reinforced by high volume of fibres. Usually the
reinforcement level is around 2% of the total composite′s volume, which brings chal-
lenges regarding the flowability of such mix designs. An alternative often approached to
enhance the fibre dispersion is the employment of viscosity modifier admixtures (VMA)
[60, 162]. These admixtures are usually composed of long organic chains with -OH ram-
ifications, that arrest the free water in the mixture through hydrogen intermolecular
bridge. One of the most used VMA is composed of hydroxypropyl methylcellulose (HPMC)
[102]. In addition, the use of VMA is a key factor when developing printable cementitious
composites [60]. The adjusting of the amount of the chemical admixture, coupled with a
good distribution of particles grain size in the matrix, and optimum water-to-solid ratio
may lead towards a material with the needed viscosity for printing.

Khyat detailed several types of VMA that can be used in cementitious materials. The
author separated them in five different classes according with the mechanism of ac-
tion and their composition. In general they are employed in the construction industry
to control some of the fresh state properties for development of high performance ce-
mentitious composites, such as specific types of grouts or under water projects [163].
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Furthermore, other studies have demonstrated the ability of VMAs to arrest the water
available in cementitious mixtures. For instance, the employment of HPMC in some
cement-based mortars enhances significantly their water retention improving or keep-
ing the quality of this type of material inside certain limits [164–167]. Moreover, D. Mar-
chon et. al. approached the need to control rheological properties of fresh cementitious
mixtures to be applied for 3D printing. In that article several different types of admix-
tures are discussed and the importance of VMAs for the pumping, extrusion and depo-
sition phase of printed cement-based composites is acknowledged [168]. Thus, the use
of VMAs in the construction industry helps concrete technologists to keep viscosity and
yield stresses of mixtures under control.

Besides the fact that VMA can help in controlling the rheological properties of a solid
suspension, the consequences on the microstructure of hydrated Portland cement is not
yet fully understood. The influence of some water-soluble polymers on the microstruc-
ture development of Portland cement was investigated in [169]. Their findings showed
a delay on the hydration process, formation of unusual minerals at early ages, a slightly
lower Ca(OH)2 content and a higher amount of chemically bounded water. Besides that,
a higher cohesion of the cement paste resulting in a lower number of microcracks and
different morphology of portlandite crystals was also observed under microscope.

Researches investigated the influence of HPMC with different viscosities in the hy-
dration of two individual phases of the Portland cement clinker. They demonstrated
through calorimetry measurements that independently of VMAs viscosity the hydration
of C3S and C3A was delayed with the use of rheology modifier admixture. Nevertheless,
blending each individual phase with gypsum would lead towards a slightly different re-
sult. Naturally, the addition of gypsum delayed hydration of both phases as it would
happen in an ordinary Portland cement hydration. However, reactions of blended C3A
and gypsum powders were sensitive to VMA viscosity. The authors justified their finds
stating that C3A hydration was more susceptible to lower ions mobility through viscous
solutions [170].

Furthermore, the cement hydration delay was explained with the effect of HPMC on
the precipitation of calcium hydroxide, the polymer′s water absorption capacity [171–
173], and the methyl content [174]. Moreover, a study have also reported the influence
of molecular weight on the rheology of cement paste modified by HPMC admixture and
its potential to combine via intermolecular and intramolecular crosslinks with Ca+2 ions
[175]. This study also reports potential challenges using HPMC together with polycar-
boxylate superplasticizers as HPMC molecules have the potential to adsorb superplasti-
cizer molecules. Hence, the probability of SP molecules to be deposited in te surface of
the cement particles decreases.

As demonstrated by other studies and summarized here, the employment of VMAs to
control rheological properties of cementitious materials is essential to the development
of printable mixtures. However, the consequences of using this organic admixture in the
microstructre of cement-based materials is not clear. The present research aims to build
a better understanding to the consequences of HPMC use in cement paste. This infor-
mation together with the literature already available, contributes to the new generation
of construction materials which are under development to be applied on 3D printing.
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Table 5.1: Chemical composition of Portland Cement used in this study

Compound CEM I 42,5 N [%]

CaO 69.53
SiO2 15.60

Fe2O3 3.84
Al2O3 3.09
SO3 2.60

MgO 1.67
K2O 0.55
TiO2 0.31
P2O5 0.14
Rest 0.53
LOI 2.14

5.2. EXPERIMENTAL METHODS
Chemical composition of the Ordinary Portland Cement (OPC) CEM I 42,5 N and its loss
on ignition (LOI) can be found in Table 1. They were assessed by X-ray fluorescence
analysis (XRF) and thermogravimetric analysis performed at 10 K/min under Argon at-
mosphere. The LOI was determined using the loss of mass between 45 and 1000°C.

The VMA used for this study is composed by HPMC with viscosity of 201000 mPa.s.
The samples were cast mixing a volume of 0.5 litres in a planetary mixer according to the
following procedure:

• All dry materials were mixed for two minutes at low speed (speed 1 - 60 rpm);

• While mixing at speed 1, during approximately two minutes, the water was added;

• The wet powders were mixed during the next two minutes at speed 1. In this phase
it was possible to observe a significant change in the mixture′s viscosity. A dough
like consistence was achieved;

• Using a spoon the wet powder is manually mixed, in order to ensure a homoge-
neous mix;

• At high speed (speed 2 - 124 rpm), the dough like cement paste was further mixed.
At this phase the rigid dough becomes softer and "opens" in the mixing bowl.

A reference cement paste with a water-to-cement (w/c) ratio of 0.3 (REF) and three
levels of VMA, 0.1, 0.3 and 1% of the cement mass, named 1M, 3M and 10M respectively
were evaluated. The VMA content employed in this study follows the same levels found
in [60] where the rheology of crowded solid suspensions using this type of admixture was
studied, aiming the development of printable SHCCs.

The mixed paste was cast inside plastic containers (33 mm diameter ad 69 mm height)
and sealed with the help of paraffin paper. Right after moulding they were left for 24
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hours rotating around their own axis (5 - 7 rpm), as reported by [176], to ensure a homo-
geneous material avoiding any segregation and bleeding, as discussed in [177]. With the
exception of 10M samples, afterwards, they were demoulded and cut in slices of approx-
imately 5mm and cured at (20 ± 2)°C and relative humidity of (98 ± 2)%. 10M samples
could only be demoulded and cut 48 hours after casting.

To stop cement hydration the cut slices were manually crushed into small pieces
and partially submerged in liquid nitrogen for 3 minutes and completely submerged
for 5 minutes. Immediately after, crushed particles were conditioned in plastic bags
with holes to allow the release of moisture from the samples and stored in a freeze drier
for further drying. Those samples were used for thermogravimetric analysis (TGA). The
small cut slices destined to electron microscopy observations, X-ray diffraction (XRD),
Fourier Transform Infrared Spectroscopy (FTIR), micro Computed Tomography scan (Micro-
CT scan), nanoindentation and thin section microscopy observations had their hydra-
tion arrested by solvent exchange procedure, employing ethanol [178]. To investigate the
hydration progress of all samples the following procedures were used for each test:

• Thermogravimetric analysis (TGA):

The test was performed increasing the temperature from 40 to 1000°C at 10 K/minute.
In order to quantify the hydration products and total degree of hydration the mass loss
was measured according with the following thresholds:

• 110°C to 450°C: water loss from AFm products;

• 450°C to 520°C: water loss from portlandite;

• 550°C to 800°C: carbon dioxide loss from calcium carbonate minerals.

Portlandite and calcium carbonate contents were measured taking the stoichiome-
try balance of each reaction into account. Moreover, the total degree of hydration was
calculated deducting the mass loss from the calcium carbonate minerals. Two tests were
run for each sample. Additionally, a TGA test only with pure VMA was run to quantify the
mass loss of different temperatures. This test was important for adjustments on samples
where HPMC was employed.

• X-ray diffraction (XRD) and Fourier Transform Infrared Spectroscopy (FTIR):

Powder samples analysed with the XRD and FTIR were hand milled to avoid heating
up the samples. The materials used in both tests were sieved with a 75µm opening sieve.
XRD samples were measured from 2θ equal to 5°to 70°, at 2°/min. FTIR samples were
tested measuring bands from 550 to 4000 cm−1.

• Isothermal calorimetry analysis:

The total energy in form of heat released during the first 10 days of cement hydration
was measured with the assistance of a TAM Air Isothermal Calorimeter with eight chan-
nels, at 20°C and using as reference ampoules with sand. The samples used for this test
were mixed outside of the calorimeter. Therefore, the initial peak of heat released cor-
responded to the exothermic dissolution of the grains and formation of first AFt phases
were not present in these results.
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• Thin section analysis:

Thin section specimens otherwise known as "petrographic thin section" were pro-
duced for all four mixtures, from specimens which had its hydration arrested by sol-
vent exchange. A thin section sample had approximately 30 µm thickness and it was
obtained through a controlled grinding process employing a semi-automatic thin sec-
tion machine where three rollers with diamonds of 64, 46, 16 µm were used. Low vis-
cosity epoxy with fluorescent pigment was used to guarantee sample stability during
preparation and facilitate porosity investigations under ultra-violet (UV) light. Thin sec-
tion samples were observed with a Leica DM2500P polarized light microscope equipped
with linear and circular polarization filters. Lenses of 2.5×/0.07, 10×/0.22 and 20×/0.4
(magnification/numerical aperture) were available. Plane polarized light (PPL), PPL with
UV light, cross polarized light (XPL) and circular polarized light (CPL) were used to ob-
serve the air entrapped voids and the portlandite distribution in the paste. The advan-
tages of using CPL for quantitative image analysis have been shown in [179]. Using this
technique all available portlandite crystals can be observed in a single field of view, in
contrast with XPL where only a portion of the available crystals are visible due to the
extinction phenomenon.

• Scanning electron microscope (SEM):

Samples destined to SEM observations were mounted in a working glass and ground
with the help of a thin section grind machine with the same three rollers employed for
manufacturing of thin section samples. These samples were also impregnated using a
low viscosity epoxy with epo-dye colour and had their surfaces ground and polished.
To ensure the thickness of epoxy on the surface of the sample, they were measured be-
fore and after epoxy impregnation. After epoxy impregnation, the samples were ground
again only with the roller with 16 µm diamonds. Only after ensuring a flat surface, the
samples were ground employing the 1200 silicon carbide paper cooled with ethanol. For
polishing purposes, a paste with 6, 3, 1 and 0.25 µm diamonds were used. Back scattered
electrons (BSE) and secondary electrons (SE) images were obtained.

In order to quantify information which can contribute to the understanding of the
hydration development, image analysis with the help of Trainable Weka Segmentation
tool [156] from FIJI [157] was performed. 30 images with 200 times magnification cov-
ering a total area of 214.03 mm2 was used per mixture. The average area of unhydrated
OPC particles, inner and outer products, portlandite and voids were measured.

• Micro computed tomography scanner (Micro-CT scan)

To obtain the average size and the total volume of voids on the analysed pastes with
VMA a Phoenix Nanoton m Micro-CT scanner was employed. Cylindrical specimens
with 35 mm diameter and approximately 3 mm height were scanned, reaching 16.67
µm/pixel resolution. Afterwards, an image stack with the top view of the cylinder was
analysed with the help of Trainable Weka Segmentation tool [156] from FIJI [157]. For
those images, only two phases were distinguished voids and matrix.

• Mechanical performance (Nanoindentation and compressive strength)
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The mechanical performance of the studied pastes were assessed through compres-
sive strength of cubes with 40mm edges at 2, 3, 7 and 29 day-old of curing and nanoin-
dentation of 29 days-old samples.

To quantify the matrix stiffness a nanoindenter MTS G200 with continuous stiff-
ness measurement was used. This measurement was employed to investigate the local
mechanical performance of the paste and quantify the influence of VMA at this scale.
The surface of the samples tested through this technique were flat and scratch free. To
achieve this surface quality a similar approach as the one employed in the sample prepa-
ration dedicated for specimens investigated under SEM was used with exception of the
epoxy impregnation step. The polishing done in the lapping table using diamond paste
with 6, 3, 1 and 0.25 µm diamonds and cooled with ethanol was executed for 10, 10, 15
and 30 minutes for each specimen respectively. After polishing the samples were stored
in a vacuum oven at 25°C before testing. A grid of 15×15 indents were made using a
strain ratio of 0.05/s until the maximum depth of 2000 nm. The indents were separated
of each other by a distance of 50 µm. In order to calculate the average stiffness of each
indent the Poison ratio of 0.2 was used and the values were calculated from a depth of
200 to 400 nm. Hydration products were identified by their stiffness as reported in [40]
and [180].

• Rheological properties

The rheology properties are very important to define a printable mixture. Materi-
als developed for printing purposes must be stable under high pressures to avoid any
type of segregation when the mixture is under pressure and they must also have shape
stability in order to manufacture the desired contour. All those empirical parameters
needed for a printable mixture were quantified by means of rheological tests. For this
study, a ram extruder (Figure 3.2) was employed to assess the paste rheology parame-
ters. Three dies with a length-diameter ratio of 1, 4 and 8 plus, four different extrusion
speeds 0.25, 0.5, 1 and 2 mm/s were employed. Using six parameters analysis from the
Benbow-Bridgewater (equation 3.2) model the properties which governs the flow of this
type of solid suspension were obtained. The parameters "m" and "n" are responsible to
guarantee the non linear behaviour of the pressure drop with the extrusion speed char-
acteristic from pseudo-plastic fluids.

5.3. RESULTS
Before the description of all results found for evaluated specimens it is important to show
that the VMA employed was investigated under electron microscope, TGA and XRD. The
results from these tests have demonstrated that the chemical admixture suffers from
sodium chloride impurity. The impurity was found through TGA from the weight loss
from 800 to 950°C, as shown on the differential thermogravimetry (DTG) curve plotted
in Figure 5.1(b). At this interval of temperature halite melts and small portions of it might
vaporize, as demonstrated by the loss of mass. XRD pattern plotted on Figure 5.1(a) also
shows the presence of NaCl crystals, among all the amorphous organic phase. Finally,
as shown in Figure 5.2 the salt crystals were observed using an Environmental SEM, and
with the help of Energy-Dispersive X-ray Spectroscopy (EDS) measurements the pres-



5

80
5. EFFECT OF VISCOSITY MODIFIER ADMIXTURE ON PORTLAND CEMENT PASTE

HYDRATION AND MICROSTRUCTURE

(a) XRD pattern obtained from HPMC showing the
NaCl impurity
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(b) DTG results from the HPMC

Figure 5.1: HPMC Impurity characterization

Figure 5.2: Electron microscope image and chemical composition from EDS measurement.

ence of peaks of sodium and chlorine were found. It should be noted that NaCl acceler-
ates OPC hydration [181] [182], and leads to corrosion of steel reinforcement [183] [184].

5.3.1. ISOTHERMAL CALORIMETRY TEST

In Figure 6.8 the result from the isothermal calorimetry test was reported. The increas-
ing volume of viscosity modifier on the cement paste, lead towards delaying Portland ce-
ment hydration. The greatest consequences were measured on pastes with 1% of VMA,
where the dormant stage went up to the first 9 hours of hydration.

Specimens 1M and 3M had also their early age properties changed. Both had a
slightly longer dormant period, than the reference as also reported by [170]. However,
the C3S peak obtained for both was also slightly higher than reference samples, meaning
that the hydration reactions were significantly accelerated after the extended dormant
period. Other fact that shows this acceleration is the overlapping of the peak of heat
generated by the hydration of C3S and the renewed formation of ettringite [185]. In ref-
erence samples after about 10 hours the slope of the heat release decreases, followed
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Figure 5.3: Isothermal calorimetry test from the initial 10 days of hydration

by a re-acceleration after some minutes. In 1M samples the different slopes can also be
noticed however, the second slope was shown only during the descending part of the
curve, after approximately 10.5 hours. Specimens with 0.3% of VMA do not show these
two slopes. The heat released by these clinker components overlay creating a wider peak.

In Figure 5.3(a) the total heat generated during the measurement period was plotted.
Besides the fact that the employment of VMA delays Portland cement hydration, after
approximately 30 hours of hydration samples 1M and 3M had already a slightly higher
total heat released. In general, samples with HPMC have released a higher amount of
energy during the first 10 days of curing.

5.3.2. THERMOGRAVIMETRY ANALYSIS

Thermogravimetry results were especially important to quantify the results found on
this study. A summary with all results obtained with the test is given in Table 5.2. The
influence of 1% VMA on the hydration delay of cement paste could also be noticed on the
TGA results. Degree of hydration (α) was calculated for all samples and the results show
a significant loss on 1 day cured samples for 10M specimens. Moreover, a significant
increase in α since the 1st day of hydration for 1M and 3M specimens was noticed. 10M
specimens only develop higher degree of hydration after the 3r d day.

To explain the higher values found for samples with HPMC an understanding of how
this chemical admixture changes the viscosity of solid solutions must be approached.
The HPMC molecules are able to “arrest” water through hydrogen intermolecular inter-
actions. These interactions decrease the availability of water during the first hours of ce-
ment hydration increasing significantly the viscosity of the water which surrounds OPC
particles. As soon as pore solution pH rises, the increasing availability of OH− ions de-
creases the capabilities of VMA in change the viscosity of the solid suspension by rescu-
ing the kidnapped water molecules and making water molecules available for hydration
again. Gradually this phenomenon happens in the paste, and therefore gradually the wa-
ter “arrested” on HPMC molecules are released to become available for hydration. This
description is also found to explain the phenomenon known as internal curing. There-
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fore, it is believed that the VMA does not only contribute to the viscosity modification of
the solid suspension, but also to improve OPC hydration.

The mechanism which VMA provides internal curing to the cement paste is very sim-
ilar to the ones reported to other materials with equivalent water retention, such as nat-
ural fibres [186, 187] , super absorbent polymers [130] or porous aggregates [188, 189].

The total loss of water from AFm and CSH, as well as the total amount of calcium
hydroxide is smaller for 10M samples only until the 3r d day of hydration. As it was mea-
sured and exemplified on Figure 5.5, the higher degree of hydration found on samples
with VMA is coming mainly from the water lost from 105 until 450°C, corresponding to
hydration products such as AFm and CSH.

Another important characteristic of samples where the viscosity modifier was em-
ployed is the total amount of calcium carbonate. The proportions from this mineral rise
with the increasing employment of the admixture. To explain this result two hypothesis
were raised. The first hypothesis considered that this carbonation happened during the
TGA test. The second acknowledge that the total time needed for sample preparation
before storing them in the freeze drier was enough to cause a certain level of carbona-
tion.

According with the first hypothesis products formed during the heating up of the
VMA would induce some carbonation in the samples. To test this hypotheses thermo-
gravimetric tests were performed in calcium hydroxide and calcium hydroxide mixed
with 1% by weight of VMA. The calcium hydroxyde used was supplied by VWR chemicals
and according to the certificate of analysis provided by the manufacture the material
employed should have a purity higher than 96%, and specifically for the lot used in this
research 97% was measured. The goal was to emulate the same environment found dur-
ing the TGA tests for the cement pastes but, with a much higher VMA-to-CH ratio. This
high concentration of both components would hypothetically lead to a great formation
of calcium carbonate.

Figures 5.4(a) and 5.4(b) show the obtained TGA / DTG curves and the summary
of the total amount of calcium hydroxide and calcium carbonate found for this exper-
iment respectively. As it can be seen, the calcium hydroxide levels were stable and the
amount of calcium carbonate were slightly higher for samples with VMA. A consump-
tion of Ca(OH)2 was expected to generate the CaCO3, and a much higher amount of the
carbonated mineral was expected to be formed. Therefore, as a conclusion of this study
it is possible to say that the higher content of calcium carbonate found for samples with
VMA was not caused by a reaction between the CH and the products formed when VMA
is submitted to high temperatures.

As the first hypothesis could not be validated, only the second hypothesis seams to
explain this accelerated carbonation. This phenomenon might be correlated with the
large amount of entrapped air voids found on samples with HPMC. Accelerated carbon-
ation was previously reported for foamed concrete, as the total surface area exposed to
the gas is larger [190]. The total amount of calcium carbonate in the cement used during
this study was 1.22%. Therefore, carbonation happened for all samples with more em-
phasis on the samples with VMA. This phenomenon might be influenced by the combi-
nation of several factors: larger surface area of samples used for TGA (crushed particles
of about 1 mm edge); significantly larger volume of air voids; and the abnormal precipi-



5

84
5. EFFECT OF VISCOSITY MODIFIER ADMIXTURE ON PORTLAND CEMENT PASTE

HYDRATION AND MICROSTRUCTURE

0 200 400 600 800 1000
Temperature [ ◦ C]

70

75

80

85

90

95

100

Lo
ss

 o
f 

w
e
ig

h
t 

[%
]

TGA CH

TGA CH1M

TGA CH_2ndTime

TGA CH1M_2ndTime

DTG CH

DTG CH1M

DTG CH_2ndTime

DTG CH1M_2ndTime

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

0.5

D
T
G

 [
%

/m
in

]

(a) TGA and DTG curves

CH CH1M
0

20

40

60

80

100

C
a
lc

iu
m

 h
y
d
ro

x
id

e
 [

w
t%

]

Calcium hydroxide
0

1

2

3

4

5

6

C
a
lc

iu
m

 c
a
rb

o
n
a
te

 [
w

t%
]

Calcium carbonate

(b) Calcium hydroxide and calcium carbonate av-
erage content

Figure 5.4: Summary of results found in the calcium hydroxide experiment
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Figure 5.5: Thermogravimetric results from 29 day-old samples

tation of portlandite in the inner walls of the voids.
Assuming that the only source of calcium carbonate in those samples are coming

from the original amount of filler in the cement and the rest was generated due to car-
bonation the last column of Table 5.2 shows how higher the total percentage of CH would
be.

5.3.3. X-RAY DIFFRACTION

The absence of some intermediate cement hydration minerals might be happening due
to: delayed hydration due to VMA use; and the lack of distinguishment of the heat release
peaks from ettringite and C3S. Therefore, an investigation into the mineralogical com-
position was carried out in order to verify if the modal composition followed a similar
trend in VMA containing samples as well as the REF ones.

In Figure 5.6 the XRD pattern for samples with 29 days samples are shown. As the
results were analysed only qualitatively, the patterns did not present formation of new
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Figure 5.6: XRD pattern of samples with 29 days, where ettringita (E), calcium carbonate (C) and portlandite
(P) peaks are in evidence.

or lack of minerals. Therefore, the employment of rheology modifier does not generate
any hazardous minerals which could lead to a decrease on the durability or reliability of
printed cementitious composites.

5.3.4. FOURIER TRANSFORM INFRARED SPECTROSCOPY

In Figure 5.7 the FTIR results from 3 and 7 days samples are plotted to exemplify the hy-
dration evolution and the differences among specimens with different VMA content. Ac-
cording with Singh et al, 2003 [191], the band corresponding to the presence of Ca(OH)2

is found at 3645cm−1 and from 1635 to 3445 cm−1 are bands due to the presence of cal-
cium sulphate in the form of ettringite. Observing the figures corresponding to the first
1, 2 and 3 days of hydration, the presence of especially the bands corresponding to et-
tringite are very important.

As demonstrated with the calorimetry tests, the employment of VMA delays hydra-
tion of Portland cement. Therefore, especially the presence of these bands closely ex-
plains hydration evolution. 3M samples show higher transmittance bands, until the 3r d

day of hydration. Moreover, from the 7th hydration day 10M samples took over, as the
reactions for those samples were significantly delayed, like reported with the calorimetry
results. The FTIR results followed the same trend observed in TGA and calorimetry test
results.
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Figure 5.7: FTIR results

5.3.5. QUALITATIVE AND QUANTITATIVE IMAGE ANALYSIS

The microstructure of 29 days-old samples was observed under scanning electron mi-
croscope and are exemplified on Figures 5.8(a), 5.9(a), 5.10(a) and 5.11(a). One of the
first differences noticed was the number of voids in samples where the chemical admix-
ture was used. This might be caused due to the high viscosity achieved while mixing the
paste, which facilitated air entrapment.

Besides that, around the voids found on samples with VMA a higher capillary poros-
ity region is always found, leading to the conclusion that these are less dense than the
bulk paste. This means that the voids found on these samples were perhaps filled or at
least highly concentrated with water. This is an important result that is connected to the
fact that the HPMC molecules can “arrest” part of the mixing water through its -OH ram-
ifications. As the hydration further progresses, the water molecules are released which
contributes for the curing of the surrounding area.

Some examples from the image analysis performed on the SEM micrograph are shown
in Figures 5.8(b), 5.9(b), 5.10(b) and 5.11(b) and a summary of results obtained are shown
on Figure 5.12. They confirm a increasingly larger volume of voids found in specimens
with VMA, as well as the decreasing total area of unhydrated OPC grains. However, the
large standard deviation found for the void content makes clear the need of another
technique to quantify this phase. In agreement with the results found on TGA and the ac-
celerated carbonation hypothesis, large amount of calcium hydroxide was measured by
image analysis. Results found with this technique were in agreement with an enhance-
ment on Portland cement hydration whenever VMA is employed.

Another noteworthy observation was the location where portlandite clusters were
found. Usually, Ca(OH)2 grows disperse in the paste and eventually inside the void or
pore walls. However, voids in VMA samples were progressively filled with portlandite,
from 0.1 to 1 wt.% of VMA. It is important to notice, as mentioned in the introduction,
that other research have already reported formation of portlandite with different mor-
phology in cement pastes with VMA [169]. In order to illustrate this phenomena thin
section photomicrograph, with 2.5× magnification, are shown on Figures 5.13, 5.14, 5.15
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(a) REF

(b) REF + Weka segmentation

Figure 5.8: SEM picture from REF sample with 29 days of curing and the result from the image analysis
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(a) 1M

(b) 1M + Weka segmentation

Figure 5.9: SEM picture from 1M sample with 29 days of curing and the result from the image analysis
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(a) 3M

(b) 3M + Weka segmentation

Figure 5.10: SEM picture from 3M sample with 29 days of curing and the result from the image analysis
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(a) 10M

(b) 10M + Weka segmentation

Figure 5.11: SEM picture from 10M sample with 29 days of curing and the result from the image analysis
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Figure 5.12: Summary of the results from image analysis obtained from SEM images

and 5.16. Remarkably, voids from 10M samples were almost completely filled with port-
landite, such as the ones showed in Figure 5.17, with 20× magnification.

Employing images obtained from CT-scan the average void area and the average void
diameter of the image stack from the studied paste are shown on Figure 5.18. In order to
avoid the influence of measurement noise, only voids larger than 5 pixels were taken into
account during the measurements. Results obtained from this experiment demonstrate
that not only the porosity increases with the employment of VMA but also the average
size of these voids. Those results contribute to the explanation for the lower compressive
strength obtained for mixture where the VMA is employed.

5.3.6. RHEOLOGY PROPERTIES

The rheology parameters measured on the cement paste with HPMC can be found in
Table 5.3 and 5.4. Using VMA did not seam to lead to a direct increase on the initial bulk
yield stress (σ0) but had an immediate effect on the initial shear yield stress (τ0). This in-
fluence is more evident when the ratio betweenσ0 and τ0 is taken in account. This result
together with the pictures (Figure 5.19) emphasize the importance of VMA to achieve the
needed rheology for 3D printing purposes. As the Benbow-Bridgwater equation with six
parameters analysis was used to characterize the rheology parameters, the bulk dynamic
stress (αVm) and the shear dynamic stress (βVn), for a given extrusion speed (which for
this case was adopted 18mm/s). Using the same parameters the extrusion pressure for
each paste can be predicted, as shown on Table 5.4.

Using the same approach employed in [60] one can estimate that from all studied
pastes, only 1M, 3M and 10M would be able to be printed. An extra conclusion could be
drafted from the rheological experiments. Consider a printing layer with a rectangular
cross section with 40 mm width and 10 mm height. Moreover, supposing a maximum
theoretical density of 2100 kg/m3 for the studied mixtures each printed layer will pro-
duce a hydrostatic pressure of approximately 2 kPa. Therefore, among all studied mix-
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(a) REF sample in PPL

(b) REF sample in CPL

Figure 5.13: Thin section images from REF samples
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(a) 1M sample in PPL

(b) 1M sample in CPL

Figure 5.14: Thin section images from 1M samples
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(a) 3M sample in PPL

(b) 3M sample in CPL

Figure 5.15: Thin section images from 3M samples
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(a) 10M sample in PPL

(b) 10M sample in CPL

Figure 5.16: Thin section images from 10M samples
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(a) 10M sample in PPL 20×

(b) 10M sample in CPL

Figure 5.17: Thin section images from 10M samples with 20× magnification
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Figure 5.18: Void content and average void diameter assessed by micro CT-scan

Table 5.3: Summary of measured rheology parameters (First part)

Specimens
α

[Kpa.s/mm]
β

[Kpa.s/mm]
σ0

[KPa]
τ0

[KPa]

REF 1.631 ± 0.095 0.111 ± 0.001 16.313 ± 0.9637 0.200 ± 0.071
1M 1.282 ± 0.108 0.160 ± 0.006 12.841 ± 1.086 0.636 ± 0.059
3M 1.302 ± 0.116 0.181 ± 0.011 13.016 ± 1.170 0.828 ± 0.104

10M 2.268 ± 0.255 0.474 ± 0.023 22.673 ± 2.545 2.372 ± 0.115

tures only 1M, 3M and 10M would be considered printable and would be able to support
approximately a maximum of 6, 6 and 11 layers, respectively.

5.3.7. MECHANICAL PROPERTIES
The overall compressive strength for 2, 3, 7 and 29 days of curing decreases significantly
as the weight percentage of VMA increases, as shown on Figure 6.10. These results are
aligned with the rise of the total volume and the average size of the air entrapped voids
found on the samples. Therefore, any improvement on the OPC hydration provided by
the internal curing when VMA is used cannot be quantified by means of mechanical per-
formance at this scale. In order to investigate any improvement on the hydrated prod-
ucts a mechanical performance characterization at a smaller scale must be made. This
investigation was possible using the nanoindentation results.

In Figure 5.21(a) and 5.21(b) the Young′s modulus frequency distribution and the
frequency of some hydration products are given. It is known that the VMA percentage
has a direct influence on the formation of hydration products, as it was already shown in
the previous sections. For all samples with VMA the frequency appearances of indents
on unhydrated particles was smaller than the reference sample. This result reinforces
the argument that the VMA contributes to the hydration of cement, by means of internal
curing.
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Table 5.4: Summary of measured rheology parameters (Second part)

Specimens m n σ0/τ0
αVm

[KPa]
βVn

[KPa]

Pressure for
V=18mm/s and

L/D=8 [KPa]

REF 0.42 ± 0.019 0.145 ± 0.031 81.46 5.49 0.17 59.72
1M 0.349 ± 0.023 0.338 ± 0.026 20.19 3.52 0.42 69.87
3M 0.353 ± 0.025 0.423 ± 0.047 15.73 3.61 0.61 82.69

10M 0.54 ± 0.043 0.672 ± 0.014 9.56 10.81 3.31 255.36

(a) REF (b) 1M (c) 3M (d) 10M

Figure 5.19: Visual difference on the shape stability of Portland cement paste with different VMA content after
test in the ram extruder.
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Figure 5.20: Compressive strength development
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Figure 5.21: Nanoindentation results

Furthermore, the frequency of indents on portlandite was smaller than the reference
for 3M and 10M samples. An immediately conclusion could be drafted saying that there
is a smaller concentration of this mineral for these samples. However, observing the
results found on the image analyses of SEM pictures and on the thin section images this
conclusion would be disrupted. Therefore, all the results found here on this study lead
the authors to confirm that the portlandite precipitation on samples with high content
of VMA has an abnormal behaviour. The Ca(OH)2 distribution on samples with VMA is
very different than an ordinary cement paste. In 3M and 10M samples the portlandite
crystals precipitates more often on the air void inner walls and not spread on the bulk
of the cement paste. This abnormal precipitation of portlandite might be specifically
related with the different viscosity that samples with VMA show, and quantified by the
σ0/τ0 ratio on Table 5.4. In addition, this might lead to an increased Ca+2 leaching from
the pore solution towards the entrapped air voids. This type of behaviour is not shown in
concrete with air entrainment admixtures as the viscosity of the liquid phase (excluding
the air voids) of this type of material does not change, for example.

5.4. CONCLUSIONS
The results obtained during this study were important for understanding the influence
of using VMA on cementitious materials. A wide range of industries make use of this
chemical admixture, such as those that extrude fibre reinforced cementitious compos-
ites and nowadays additive manufacturing based on extrusion. Summarizing the main
conclusions are:

• Rheological properties of cementitious materials using VMA are significantly dif-
ferent than the ordinary ones. The employment of the admixture brings shape
stability and guarantee higher initial bulk yield stresses which is essential for ex-
trusion based 3d printing;
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• VMA concentration is of high importance on OPC hydration. Even small concen-
trations of the admixture lead to retardation of the initial hydration. 1 wt.% already
leads to a large latent time of the Portland cement;

• It is likely that the rheology modifier admixture “arrests” the available water with
hydrogen bonds. The admixture only loses its preference for the water when the
pH of the solution increases, making stronger connections with other ions;

• As demonstrated with the degree of hydration and the total heat released VMA can
also be employed for internal curing purposes;

• Under electron microscope, it was possible to observe that entrapped air voids
formed during mixing works also as water reservoir. As soon as the pH of the paste
rises, the water released from VMA develops a region around theses voids with a
higher water/cement ratio, in comparison with the rest of the matrix;

• To modify the rheology parameters of solid suspensions, the grain size distribution
or the employment of viscosity modifier admixtures are usually employed. How-
ever, the results found in this research suggest that VMA loses its preference for
H2O molecules when enough OH− ions are available in solution. Therefore, solid
suspensions which have high pH from the beginning of the mixing, such as alkali
activated materials, will be challenged to decrease the solution′s pH or provide a
well distributed particles grain size.

• The employment of VMA changes the portlandite growing mechanism on Port-
land cement pastes. Samples with VMA show an abnormal preferential grow of
Ca(OH)2 crystals on the internal walls of the entrapped air voids, most probably
suggesting that these samples are more exposed to Ca+2 leaching from the pore
solution to the entrapped air voids.
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CEMENTITIOUS MATERIALS: THE
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MODIFIERS AND CELLULOSE PULP

It is not the inner self that has to be made to conform to society′s rules, but society itself that needs

to change.

Francis Fukuyama, Identity: The demand for dignity and the politics of resentment.

Additive manufacturing of cementitious materials is a technique which is drawing a lot of attention
in the past few years. Many investigations have already demonstrated the high automation poten-
tial that this technique might bring to the construction industry. Along with the development of
the technique, methodologies to create materials which can be used for this purpose have also re-
ceived some attention. The development of this new generation of materials opens the opportunity
to embed recent advances on the field of construction, such as those with enhanced self-healing ca-
pabilities. Therefore, this study investigated the influence of the use of rheology modifier admixtures
and the use of natural fibres to enhance the autogenous self-healing capabilities of printable cemen-
titious composites. Two levels of reinforcement were employed: 0.5 and 1% by total composite′s vol-
ume. The influence of fibre pre-treatment (5 and 10 hornification cycles) was studied. In addition,
to enrich the evaluation of the cellulose pulp performance for self-healing purposes the durability
of these composites was also assessed. Samples were exposed to 10 and 20 accelerated ageing cy-
cles (wetting and drying). The autogenous self-healing performance of all composites were assessed
through water permeability, µCT-scans and microscopy tests. Correlations between water perme-
ability results and the volume of autogenous healing obtained using CT-scans were discussed in this
investigation for a better understanding of the phenomenon.

101



6

102
6. AUTOGENOUS SELF-HEALING OF CEMENTITIOUS MATERIALS: THE INFLUENCE OF

RHEOLOGY MODIFIERS AND CELLULOSE PULP

6.1. INTRODUCTION

T HE development of printable cementitious mixtures is very much dependent on the
control of rheological parameters [78, 116]. In order to obtain such control, espe-

cially in fibre reinforced cementitious composites, the use of chemical admixtures such
as the hydroxypropyl methylcellulose (HPMC) is needed [60, 192, 193]. Although the
use of HPMC results in undesired air entrainment and subsequent consequences, there
is one additional potential of this admixture to confer self-healing capabilities to the
composite. During microstructure analysis of this material [160] it was proven that an
anomalous growth of portlandite was obtained, which can be useful for enhancing self-
healing performance of printable cementitious composites.

Furthermore, another challenge in the development of 3D printing mixtures is drying
shrinkage [158]. The printed elements are usually fabricated in areas where the temper-
ature and relative humidity are not controlled or even its control is not realistic. Addi-
tionally, it is intrinsic by the method that one printed layer will need to wait exposed to
the surrounding environment while the printing of the second layer does not start. This
means that these mixtures might be exposed to prolonged drying periods and the risks
of cracks are higher.

Such improvement in self-healing capacity is very much needed in 3D concrete print-
ing because the conditions in which such fabrication occurs might result in drying shrink-
age and therefore early age cracking. Moreover, cracking of cementitious materials usu-
ally expose the structure to harmful chemicals. This extra exposure might decrease the
service life due to accelerated degradation process such as chloride migration causing
reinforcement corrosion (in case of steel reinforcement), carbonation and leakage.

6.2. THEORETICAL BACKGROUND

6.2.1. AUTOGENEOUS SELF-HEALING

Autogenous self-healing is a inherent ability of cementitious materials either due to the
presence of hydrated or un-hydrated clinker. Several parameters control the efficiency
or even the possibility of such event to happen. There are crucial ingredients that con-
tribute to this phenomenon, such as: high availability of calcium ions, moisture, car-
bon dioxide, unhydrated cement particles or even the presence of pozzolanic materials.
Without these ingredients the closure of open cracks in cementitious composites is not
likely.

Further hydration of unreacted cement grains and pozzolanic reactions have been
reported to be dominant self-healing mechanisms in young concrete, especially with low
water-to-cement ratios. This has been previously reported in investigations on ultra high
performance concretes [194, 195] or fibre reinforced cementitious composites [196, 197].
In the case of the fibre reinforced materials, especially strain hardening cementitious
composites (SHCC) (or also called engineered cementitious composites (ECC)), have
demonstrated enhanced self-healing behaviour. A number of studies have concluded
that high amount of binders combined with the volume of fibres used in this kind of
composite and the formation of narrow and closely spaced cracks to enhance the healing
performance [54, 198, 199]. Others have reported mechanical recovery of such materials
due to its autogenous self-healing capabilities [200].
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At later stages, when further hydration and pozzolanic reactions have been exhausted,
precipitation of calcium carbonate becomes the dominant mechanism for autogenous
self-healing [51, 201]. Three main components are needed for successful calcium car-
bonate precipitation, namely: availability of calcium source, carbon dioxide (in the form
of carbonate ions (CO−2

3 (aq)) or carbonic acid in solution) and moisture [51]. Addition-
ally, narrow crack widths (of around 50 µm) are also preferable in the case of autogenous
healing.

Whereas calcium sources are readily available for dissolution in non-fully carbonated
cementitious matrices and carbon dioxide is available in the environment, the moisture
is an important ingredient that depends on the surrounding conditions.

The use of admixtures to potentially keep cementitious materials moist for longer
periods of time has been an interesting research question in the past years. Some solu-
tions were reported such as the use of light-weight aggregate [202, 203], nano-clay [199]
and a range of different super absorbent polymers (SAP) [53, 204–206]. The use of SAP
has been by far the most efficient solution to this issue. Since superabsorbent polymers
swell upon absorption of significant amount of mixing water and release it back gradu-
ally while the matrix dries, a macropore is left behind upon shrinking. The presence of
such system of macrodeffects steers crack propagation. Therefore, in the event of a crack
the surface of the polymeric particles will always be exposed to the external environment
keeping the crack surrounds with a relatively high moisture content consequently, con-
tributing to the autogenous self-healing performance of the composite.

In addition to their ability to internally cure concrete during early ages, SAP are also
able to swell in the crack when moisture penetrates, producing a short-term sealing of
the crack [207]. This property is very advantageous as the crack sealing might block the
ingress of hazardous species inside the crack and/or limit the exposure of the steel re-
inforcement to the external environment [208, 209]. In an extensive modelling work
validated through experiments the influence of SAPs in the moisture uptake of sound
and cracked mortars was discussed [210]. This study have demonstrated the influence
of the SAPs properties in the self-sealing efficiency and showed a comprehensive and
alternative approach to improve the self-sealing performance. Finally, SAPs have also
demonstrated their potential as internal water reservoirs which provide internal curing
and mitigate autogenous shrinkage in cementitious materials [49].

Unfortunately, to the best of the author
′
s knowledge, almost no studies in literature

regarding long term durability of SAPs in cementitious composites. As a polymeric ad-
mixture the SAPs might be susceptible to different hazardous environment commonly
found in the brittle matrix, such as the high alkalinity, ultra-violet rays or wet and dry-
ing cycles. The degradation of this admixture might influence on its self-healing and/or
self-sealing performance.

6.2.2. THE USE OF NATURAL FIBRES

Natural fibres are commonly used in constructions from advanced composite manu-
facturing to materials for simple mud houses where the walls are manually cast with
reinforced clay. Some researches report the use of these fibres by different civilizations
independent to their technological development [211–213].

From the beginning of natural fibres use until nowadays, where the nano-fibres can
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be extracted from wood, a lot of research was conducted in this field. The use of cellu-
lose pulp fibres, extracted from hard or softwoods, became a very important source of
reinforcement at industrial scale when asbestos price rose significantly during and after
the second world war. These fibres were incorporated in the production of fibre-cement
boards produced by an industrial process called Hatschek, for the first time in Australia.
Since then, they became indispensable when the use of asbestos started to face limita-
tions due to its carcinogenic effect [214].

Moreover, the use cellulose pulp in cemenititous matrices faces challenges regarding
its durability [215, 216]. Two main phenomena are responsible for the degradation of
the cellulose pulp within cementitious matrices during the service life of the composite.
One of the issues is related to the dimensional stability of these fibres. When exposed to
moisture, cellulose pulp swells, increasing significantly its volume and shrink in absence
of it. Consequently, within a given number of cycles the fibres are not able to return to
their original volume damaging the bond with the cementitious matrix and hence effect-
ing their reinforcing capacity [217–219]. The second cause of the reinforcement failure
is attributed to the migration of cement hydration products to inside of the fibres along
with crystallization of the reinforcement, causing its mineralization and consequently
the loss of ductility of the fibre-cement boards [219–222]. To solve the issue two main ac-
tions drove the problem solving, namely: matrix modifications and fibre pre-treatment.

Regarding the matrix modifications the use of pozzollanic materials was proposed
and has been proven efficient to minimize fibres mineralization. Several supplementary
cementitious materials were investigated like blast furnace slag (BFS) [223], metakaolin
[220], fly ash (FA) [224] and silica fume (SF) [225] to consume the calcium hydroxide
and maximize composite′s performance. Besides that, the opportunity to use locally
available waste materials was also investigated and the use of rice husk ash (RHA) [226]
and sugarcane bagasse ash (SCBA) [227] was explored.

Another method used to consume portlandite from the matrix of those composites
is the use of autoclave curing. This curing technology uses of high temperatures and
water vapour pressure to accelerate cement hydration and with the help of a silica source
consume all the portlandite available in the matrix. The durability of these composites
were assessed and researchers have also concluded that their quality could also meet the
desired long-term performance [221].

The second strategy used to improve fibre-cement composites was the fibre pre-
treatment. Some researches have suggested the use of chemical products to make nat-
ural fibres water tight. Chemical treatments with silane were also reported in literature
achieving interesting results [228, 229]. However, the costs involving this kind of treat-
ment made its use not practical. Another simpler treatment called hornification has
drawn the attention of several researchers. This method consist of subjecting the fi-
bres to several wet and drying cycles before their use in the composite. By performing
these cycles the crystalinity of the fibres would be boosted, the intermolecular distance
between the cellulose layers would decrease and a dimensionally more stable material
would be obtained. This treatment has been proven successfully in a series of studies
applied in different type of natural fibres, from cellulose pulp for fibre-cement boards
[219] or even in sisal or jute fibres for production of SHCCs [230].
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Table 6.1: Mix design summary in [kg /m3]

XVA0 XVA3 XVA10 REF 10M XVA3C05 XVA3C10
CEM I 42,5 N 265.6 264.5 261.9 1619.5 1599 263.2 261.9

Blast
Furnace Slag

619.8 617.2 611.2 0 0 614.1 611

Limestone
powder

885.4 881.7 873.2 0 0 877.3 872.9

HPMC 0 5.2 17.5 0 16 5.2 5.2
Superplasticizer

(Glenium 51)
17.7 17.6 17.5 0 0 17.5 17.5

Water 354.2 352.7 349.3 485.9 479.7 350.9 349.2
Cellulose

pulp
0 0 0 0 0 7.5 15

6.3. EXPERIMENTAL METHODS

6.3.1. MATERIALS AND SAMPLE PREPARATION

To investigate the influence of natural fibres in printable mixtures a previously devel-
oped cementitious matrix was used. This mixture is composed by Portland cement CEM
I 42,5 N, blast furnace slag, limestone powder and was proposed in a study where rheo-
logical tests were used to develop printable cementitious composites [60]. The chosen
mix-design for the current investigation was used in chapter 3 as a matrix of the printed
strain hardening cementitious composite and presented bulk and shear yield strength of
(13.06± 4.18) kPa and (3.44± 0.06) kPa respectively. These two fresh state parameters are
crucial to characterize a printable cementitious composite. Assuming a density of 1500
kg/m3 for the natural fibres, two levels were used 0.5 and 1% by total volume. Moreover,
the use of hydroxypropyl methylcellulose (HPMC) and supperplasticizer (SP) are needed
to achieve the required rheological requirements for printing through extrusion. Table
6.1 summarizes the composition of all tested mixtures. Chemical and physical charac-
terization of the raw materials can be found in table 3.1 and figure 3.1.

One of the most crucial parameters for an effective dispersion of the cellulose pulp
in the composite is the fibre preconditioning. To ensure that the fibres could disperse
homogeneously through the mixture, they were first mixed with high volumes of water
and latter drained with the help of a vacuum pump and a cloth filter. At this stage the
fibres were wet but would only release the water left inside of them if pressure is applied.
Using the fibres at this stage also guaranteed that they would not absorb the mixing water
but also not release its absorbed water during mixing. This characteristic behaviour of
working as a water reservoir was once reported along with the advantages of using such
material for internal curing in cementitious components [186]. The total mass of dry
fibres used was as given in table 6.1 however, the total wet fibres mass was different,
following their moisture content given in table 6.3.

The mixing procedure for this type of composite was the same as previously reported
in [60] and [160], with the addition of an extra step regarding the fibre dispersion. There-
fore, in summary the mixing procedure was:
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• All dry materials were mixed for two minutes at low speed (speed 1 - 60 rpm);

• The wet fibres together with the mixing water were mixed in a high shear mixer at
4000 rpm for 2 minutes. In the end the SP was added to the solution and homoge-
nized with the help of a spoon;

• While mixing at speed 1, during approximately one minute, water mixed with SP
and wet fibres were added;

• The wet powders were mixed for the next two minutes at speed 1. In this phase
it was possible to observe a significant change in the mixture’s viscosity. A dough
like consistence was achieved;

• At moderate speed (speed 2 - 124 rpm), the dough like mixture was further mixed.
At this phase the dough opens inside the mixing bowl, and the fibres get dispersed.

All mixed materials were cast in prismatic moulds (40 × 40 × 160) mm3 and kept
sealed for the first 24 hours. After that they were demoulded and cured in a curing cham-
ber at (20 ± 2)◦C and relative humidity of (98 ± 2)%.

6.3.2. FIBRE TREATMENT
In order to evaluate the influence of fibres′ pre-treatment in the overall autogenous self-
healing performance, three different scenarios were created. Composites with fibres not
previously treated (0HC) and composites with fibres after 5 (5HC) and 10 (10HC) horni-
fication cycles. The hornification cycles were performed and the fibre properties were
assessed according to the recommendations of [231], where the authors successfully pre-
treated natural fibres and obtained enhanced mechanical performance after the inves-
tigated composites were exposed to accelerated ageing cycles.

The hornification cycles consist of cycles of wetting and oven drying the fibres. In
order to saturate the fibres, it is first necessary to disperse them in water. The mixing
process was composed of two steps. In buckets of 10 litres containing 300 g of fibres,
water was added until the total volume of material reached 50% of the bucket′s working
capacity. Afterwards, with the help of a mixer the first mixing is executed at 300 rotations
per minute (rpm) for 2 minutes. Right after the first mixing time is finished the bucket
must be filled with water until its maximum working volume and the second mixing step
starts at 650 rpm for another 10 minutes. As soon as the mixing is finished the buckets
must be closed and fibres are left soaked in water for 3 hours. After the saturation time,
the solution of fibres and water is drained with the help of a cotton cloth filter and a dead
weight of 30 kg for 30 minutes. In the end the wet fibres are dried in an ventilated oven
at 80◦C for 16 hours.

To assess the fibre conditions before and after the hornification cycles some of the
suggested tests in [231] were performed, namely:

• X-ray diffraction (XRD) with a scanning rate of 2 ◦/s, from 2θ equal to 5◦ to 70◦.
The results form this tests are valuable to calculate the relative crystalinity degree
following the recommendations of [231, 232]. This crystalinity value is obtained
by dividing the peak area by the total area under the XRD pattern obtained from
the test (equation 6.1);
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Rel ati veCr y st al i ni t y[%] = 100× Ar eapeak

Ar eatot al
(6.1)

• Termogravimentric analysis (TGA) with a heating rate of 10 K/minute and a purge
of 50 ml/minute of argon gas to ensure an inert atmosphere was performed in
oven dried fibres (105◦C). This test was used to quantify the total mass loss from
200 to 1000◦C which, according to [231], is related to the chemical stability of the
cellulose in the fibres;

• Fourier transform infra-red spectroscopy (FTIR) was also performed in the fibres
to measure the total energy needed to break the hydrogen bonds based on their
resonance values. The test was performed measuring bands from 550 to 4000
cm−1;

• The total moisture absorption of the fibres was measured according to the follow-
ing procedure:

– Fibres were dispersed in large volume of water using a high shear mixer at
4000 rpm for 60 seconds;

– This solution was drained under vacuum, using a cloth filter until the fibres
could not release the water arrested internally. At this stage the mass (Mwet )
of the fibres is determined;

– The wet fibres were then dried in the oven at 105◦C for 24 hours and the mois-
ture content was calculated according to equation 6.2, where Mwet is the fi-
bre mass in wet stage and Mdr y is the dried fibre mass.

M [%] = 100× Mwet −Mdr y

Mwet
(6.2)

6.3.3. ISOTHERMAL CALORIMETRY ANALYSIS
The total energy in form of heat released during the first 208 hours of cement hydration
was measured with the assistance of a TAM Air Isothermal Calorimeter with eight chan-
nels, at 20◦C and using as reference ampoules with sand. The samples used for this test
were mixed outside of the calorimeter. Therefore, the initial peak of heat released cor-
responded to the exothermic dissolution of the grains and formation of first AFt phases
were not present in these results.

6.3.4. ACCELERATED AGEING CYCLES
As previously discussed, the natural fibres are susceptible to degradation in the cemen-
titious matrix. As proposed by several authors one of the most deleterious degradation
mechanism is the exposure of composites reinforced with natural fibres to wet and dry
cycles. The present study proposed to investigate the influence of aged composites in
the self-healing performance of such materials. In order to achieve that, once more three
scenarios were built, namely: specimens not degraded (0DC) and specimens exposed to
10 (10DC) and 20 (20DC) wet and dry cycles.
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Prismatic samples of (40× 40× 160) mm and cylinders of 11 mm height and diameter
were used during the ageing cycles. Following the recommendations from [231] the wet
and dry cycles were composed by a period when the specimens were soaked in water at
20◦C for 3 hours, followed by a period of drying at 60◦C for 17 hours. Prismatic samples
were used to quantify the influence of the accelerated ageing cycles in the mechanical
performance of the composites. Three-point bending and compression test were per-
formed on those samples at a loading rate of 0.5 and 2 kN/s, respectively. These results
can also be useful to discuss the influence of the natural fibres in the overall mechanical
performance of non aged composites.

6.3.5. SELF-HEALING CYCLES
The self-healing cycles were performed only on the cylindrical specimens and following
the recommendations from [233]. In that study the influence of SAPs was investigated
in mortar samples. As the proposed mechanism of the SAPs and the water reservoir
behaviour of natural fibres are the same, the same method to accelerate the autogenous
self-healing was proposed.

Like the accelerating ageing cycles, the accelerated self-healing cycles were com-
posed of wetting and drying cycles, as well. However, the self-healing cycles were per-
formed at laboratory temperature and relative humidity for a period of one hour and
drying at lab conditions for the rest of the day (23 hours). Self-healing was measured by
assessing the specimens before and after 20 accelerated self-healing cycles.

6.3.6. SELF-HEALING PERFORMANCE ASSESSMENT

X-RAY MICRO COMPUTED TOMOGRAPHY (µCT)
To assess the self-healing performance of the investigated materials, cylindrical cores of
11 mm diameter and equal hight were drilled from (40 × 40 × 160) mm beams. These
cylinders were cracked along the diameter by means of a Brazilian spiting test. To ensure
that both parts of the splitted cylinder were kept together a PVC tape was used around
the specimen.

To measure the filling of crack area inside of the specimens a X-ray micro computed
tomography (µCT) was used. The equipment employed was a Phoenix nanotom m pro-
vided by GE. The accelerating voltage (in kV) and current (in mA) of 90, 100 and 90, 90
were used in all samples, making sure that the same parameters were used before and
after the self-healing cycles. Every projection was obtained from an average of two ra-
diographies collected after 500µs of exposure for each picture. In total 720 projections
were obtained per specimen, corresponding to one every 0.5◦ of rotation. In total each
specimen‘sµCT-scan test took 19 minutes. The acquired projections were reconstructed
as a three dimensional volume with the help of software phoenix datos|x provided by
the machine manufacturer with an automatic centre adjustment and a beam harden-
ing correction of 8.7. A 6.25 µm/pixel resolution was obtained for matrix samples and
6.75 µm/pixel for samples with natural fibres. This difference was caused by small vari-
ations in the height of some of the cylindrical specimens that had fibres. Unfortunately,
this problem was exclusively related to an error during sawing of some of the cylinders
during the sample preparation.

Moreover, top view images were obtained from the volume and a median filter, with
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Figure 6.1: Histogram adjustment for image registration.

a 3 pixel diameter was applied with the help of the software VGstudio. The applied filter
minimizes the noise traded off to minimize the total scanning time during the measure-
ments.

To ensure reliable comparison when the self-healing performance is assessed, the
image stacks must correspond to the exact same specimen‘s proportion. This can be
achieved by registering the image stacks obtained before and after the accelerated self-
healing cycles. In order to carry out a successful registration, two steps were adopted.
The first step consisted in adjusting the histograms of the before and after self-healing
scans by aligning the main histogram peaks. Figure 6.1 exemplifies the histogram cor-
rection of the images after healing using before healing images as a reference. As the
electron accelerating voltage and current in the X-ray source were kept the same before
and after the self-healing cycles, very small differences were obtained in the count of pix-
els obtained (Y-axis in the histogram) for the main peak. This image treatment was done
by using FIJI [157]. The second step was done with the help of the software DataViewer
from Bruker. This software produces a pseudo-3d registration of before and after-self-
healing stacks through X,Y and Z displacements, as well as the rotations around such
axes using the before healing volume as a reference. This alignment is done manually
and automatically in all directions. The final result of the second step are two image
stacks representing the top view of the sample before and after self-healing cycles po-
sitioned in the exact same origin. From now on the images can be compared and self-
healing might be spotted by direct comparison.

In order to compare the efficiency of the self-healing cycles 1400 slices were sepa-
rated from both volumes (before and after). This strategy is needed to avoid slices very
close to the specimen edge (bottom and top), where the partial volume effect is ob-
served. This effect is a result of the reconstruction problems generated by the sharp edge
of the extremities of the sample and the differences in the results obtained for the X-ray
beam passing through a high and low density materials (cementitious material and air).
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To evaluate the total healing capacity of the selected volumes, the images were post-
processed with the help of FIJI [157]. The method consists of cropping the image stack
leaving only the region surrounding the crack. Using an appropriate threshold value
separating the dark pixels from the air (voids and crack) and the lighter pixels from the
matrix a binary image is created. Implementing a circularity filter only the crack area
is measured before and after the healing process. The average crack area is assessed
through the specimen height for every 350 images (approximately 2.36 mm for fibre rein-
forced samples and 2.19 mm for matrix samples) meaning that the healing performance
of each specimen can be declared in function of its height. Moreover, the self-healing
performance was given by the equation 6.3.

SHPC T [%] = 100× (Abe f or e − (Aa f ter ))

Abe f or e
(6.3)

Where:

• SHPCT: Self-healing performance calculated from the µCT-scans images;

• Abe f or e : Average crack area before the healing process;

• Aa f ter : Average crack area after the healing process.

Additionally, the images obtained with the µCT-scans was also used to assess the
crack width of the samples. The first 10 images from each each stack were selected and a
portion of the crack was cropped from the rest of the image. Employing the same image
segmentation method previously described the crack width was calculated based on the
measured crack area and the length. These values are important as the crack width was
not controlled during the experiments.

WATER PERMEABILITY TEST

A second commonly used test to assess the healing performance of cracked specimens
was also employed. The water permeability test consist of measuring the total volume of
water that passes through a cracked sample before and after the self-healing period for
a certain given time [234]. The total water-head used in this experiment was 1.1 m and
the total volume of water that passed though the crack within 10 minutes was measured
twice before and after the self-healing period. Therefore, the self-healing performance
for each sample was calculated according to the equation 6.4

SHPW P [%] = 100× (Vbe f or e − Va f ter ))

Vbe f or e
(6.4)

Where:

• SHPWP: Self-healing performance calculated from the water permeability test;

• Vbe f or e : Average water volume through the crack before the healing process;

• Va f ter : Average water volume through the crack after the healing process.
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Figure 6.3: XRD pattern from the cellulose pulp before and after pre-treatment.

Table 6.2: Fibre relative crystallinity in [%] as measured by [231, 232]

0HC 5HC 10HC

14.29 15.87 16.27

6.4. RESULTS

6.4.1. FIBRE TREATMENT

From the XRD results reported in table 6.2 and figure 6.3, an increasing relative crys-
tallinity level was measured. This result means that the cellulose in the fibres is more
stable, stiffer and consequently less susceptible to dimensional changes.

Moreover, the lower water absorption percentages obtained for samples after horni-
fication cycles and reported in table 6.3 confirms the same trend observed in the XRD
results. Fibres 10HC presented the most favourable conditions from a durability point of
view.

However, results from TGA, DTG and DSC summarized in the figures 6.4, 6.5 and 6.6
respectively concluded that fibres exposed to 5HC are in fact more chemically stable.
Considerably more energy is needed for the depolimerization of the macromolecules
leading to higher values on the DSC measurements. This means that there is a higher

Table 6.3: Fibres average moisture content [%]

Fibres Moisture content [%]

0HC 77.2 ± 0.8
5HC 75.7 ± 0.8

10HC 74.8 ± 0.3



6.4. RESULTS

6

113

0 200 400 600 800 1000
Temperature [ ◦ C]

0

20

40

60

80

100

Lo
ss

 o
f 

w
e
ig

h
t 

[%
]

TGA

Cellulose pulp 0HC

Cellulose pulp 5HC

Cellulose pulp 10HC

Figure 6.4: TGA curves from the cellulose pulp before and after pre-treatment.

number of intermolecular bonds increasing the crystalinity of the fibres [231, 232]. Addi-
tionally, after cellulose degradation (approximately from 200 up to 400) a higher amount
of water was dissociated for 5HC samples.

Finally, the results from FTIR also lead to the conclusion that fibres exposed to 5HC
are more chemically stable than 0 and 10HC. In figure 6.7 the lower transmittance found
for 5HC samples is related to stronger OH bonds of the different components of a natural
fibre, such as lignin (bands around 3567 cm−1) and cellulose (bands around 3278 cm−1)
[paper].

The results obtained from the tests have pointed out that the pre-treatment was suc-
cessful. In summary, the cellulose pulp increased crystallinity, lowered water absorption
and higher chemical stability was also found. Nevertheless, the results obtained so far
were not conclusive enough to determine the optimum number of hornification cycles.
Anyhow, this optimization will also be approached when the self-healing results are dis-
cussed.

6.4.2. ISOTHERMAL CALORIMETRY ANALYSIS

It is known that the use of HPMC might delay ordinary Portland cement hydration. On
the other hand, these polymers can arrest part of the mixing water and only releases it
after the matrix starts to dry out due to the cement hydration. In this type of composites
this mechanism has been proven to be beneficial, improving the overall degree of hy-
dration and preventing printed materials to loose large amount of water due to drying.
Moreover, previous studies have also confirmed that cellulose pulp can provide similar
beneficial characteristics as the HPMC for the cementitious matrices [186].

The normalized heat flow curves in figure 6.8(a), the normalized total heat released
in figure 6.8(b) and a summary of the total heat released in the table 6.4 gives an overview
of the magnitude of change in hydration kinetics of the studied composites. The results
from isothermal calorimetry show that indeed the HPMC have contributed significantly
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Figure 6.5: DTG curves from the cellulose pulp before and after pre-treatment.
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Figure 6.7: FTIR curves from the cellulose pulp before and after pre-treatment.

Table 6.4: Normalized heat released by the samples with HPMC and cellulose pulp

Sample Normalized total heat released [W/g]

XVA0 73.74
XVA3 82.35

XVA3C050HC 79.24
XVA3C100HC 79.84
XVA3C055HC 76.87
XVA3C105HC 74.21

XVA3C0510HC 77.49
XVA3C1010HC 76.92

to the internal curing process of blast furnace slag mixtures, as well. All samples con-
taining fibres could also release a higher amount of energy during hydration than the
reference mixture without any admixture or reinforcement. Therefore, during this inves-
tigation the internal curing potential by using natural fibres were also confirmed. How-
ever, no more energy than XVA3 was released when HPMC and natural fibres were used
together. Additionally, the use of pre-treated fibres have also decreased the total energy
released during hydration, as those fibres have less water stored inside.

6.4.3. ACCELERATED AGEING CYCLES

Besides the influence of the ageing on the self-healing performance of the cementitious
composites, the mechanical performance regarding flexural and compressive strengths
was also assessed in this study. It was not the aim of the investigation the use of the
natural fibres as a reinforcement. This statement can be justified with two arguments:
1) The maximum volume used (1%) is not sufficient to provide any crack bridging for
this type of fibre. Usually the literature reports cellulose pulp reinforcement around 5%
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Figure 6.8: Isothermal calorimetry results

by volume to gain some ductility [216]. 2) The use of those fibres in a wet stage during
casting. As explained before these fibres are not volumetrically stable in presence of
moisture. Therefore, upon release of absorbed water, the bond between matrix and fibre
will be lacking.

In figure 6.9 the flexural strength results are summarized. Samples with 0.5% of fibres
had slightly higher initial values when the fibres were treated with 5HC. Nevertheless,
these samples were somehow more exposed to the degradation, showing up to 31.4%
losses. Only composites with fibres treated with 10HC were actually less effected by the
accelerated ageing, when a maximum loss of 7.85% was registered after 20DC. Therefore,
in the case of composites reinforced with 0.5% by volume of natural fibres 10HC appears
to be the best solution to diminish losses in the flexural strength. Moving the analysis to
composites with 1% by volume of fibres, these composites were somehow less suscepti-
ble to the ageing with maximum losses of 25%. The best results were found in specimens
with fibres pre-treated with 5HC when a 15.7% of loss was found after 20DC. An inter-
esting observation must be noted for these composites. They show remarkable loss after
the first 10DC however, they tend to change less after 20DC, especially those reinforced
with 10HC fibres. This means that the use of larger volume of fibres makes the compos-
ites more vulnerable to ageing but, the pre-treatment is no doubt helpful.

In figure 6.10 the compressive strength of the composites are summarized. Only for
comparison the results obtained from composites without HPMC and without fibres
were also shown. As reported before in a study of the influence of HPMC in cementi-
tious materials the compressive strength reduces significantly due to the large amount
of air voids generated whenever the chemical admixtures is used. Moreover, comparing
the results when the fibres were added in fact, the mechanical performance of compos-
ites containing HPMC unexpectedly improves. This behaviour is the contrary of what
was found in [53] where SAP particles were added in cementitious mortars with HPMC.

Regarding the porous nature of the cementitious matrix, it is believed that the mate-
rial was somehow densified with the use of the fibres. This assumption might hold true
as it was previously reported in literature [160] an anomalous growth of portlandite in



6.4. RESULTS

6

117

XVA3
C050HC

XVA3
C100HC

XVA3
C055HC

XVA3
C105HC

XVA3
C0510HC

XVA3
C1010HC

0

2

4

6

8

10

Fl
e
x
u
ra

l 
st

re
n
g
th

 [
M

P
a
]

0DC

10DC

20DC

Figure 6.9: Flexural strength of the composites before and after accelerated ageing cycles.

the inner walls of the air voids. In that case the natural fibres could work as a nucleation
spot for the growth of the crystals, providing surface area and also high moisture content
even in latter curing ages. This hypothesis is confirmed somehow when the results of the
compressive strength of the composites reinforced with fibres showed significantly rise
after the accelerated ageing cycles (minimum of 19.7% and a maximum of 27.2% after
20DC). This phenomenon might be explained with the densification of the matrix with
the above mentioned mechanism along with further cement and pozzolanic reactions.

6.4.4. SELF-HEALING PERFORMANCE

EFFECT OF HPMC CONTENT ON CEMENTITIOUS MATRICES

As mentioned before, and reported in [160] the use of HPMC promotes higher degree of
hydration, an anomalous formation of portlandite and a high air void content in cement
pastes. These differences might be beneficial for the autogenous self-healing perfor-
mance of cementitious materials. The results obtained from the analysis of the Portland
cement paste samples show a better healing performance and a more homogeneous
healing through the height of the samples. In table 6.5 and 6.6 the performance of these
samples are summarized. Even for greater crack widths in 10M samples the healing per-
formance obtained from the image analysis and the water permeability shows that the
use of HPMC has positively influenced the self-healing capabilities of this material. Most
probably the reason why this performance was improved was previously explained in
[160] when a larger portlandite formation was reported.

Moreover, in table 6.7 and 6.8 the results from the investigation of the matrices rich
in blast furnace slag have demonstrated that this type of material is less succeedable to
the use of HPMC. In contrary of what was observed in Portland cement past samples,
these samples have not improved their overall self-healing performance or also the dis-
tribution of the healing products through the samples height.

Additionally, observing the healing performance calculated from the image analysis
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Figure 6.10: Compressive strength of the composites before and after accelerated ageing cycles.

Table 6.5: Results summary for REF. SAR: Segmented area recovery; TAAR: Total average area recovery; WPR:
Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

REF_1 59.25 ± 2.24

0 - 350 44.13

38.31 ± 4.55 88.65
350 - 700 38.86
700 - 1050 37.06
1050 - 1400 33.19

REF_2 127.87 ± 0.86

0 - 350 16.38

10.86 ± 9.52 20.82
350 - 700 20.04
700 - 1050 8.46
1050 - 1400 -1.44

REF_3 55.07 ± 2.28

0 - 350 60.40

41.21 ± 26.11 24.95
350 - 700 59.76
700 - 1050 4.73
1050 - 1400 39.94

REF_4 127.76 ± 3.08

0 - 350 10.74

6.70 ± 9.23 14.88
350 - 700 17.48
700 - 1050 1.83
1050 - 1400 -3.26
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Table 6.6: Results summary for 10M. SAR: Segmented area recovery; TAAR: Total average area recovery; WPR:
Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

10M_1 298.54 ± 16.95

0 - 350 37.51

35.18 ± 8.27 97.16
350 - 700 29.60
700 - 1050 27.77
1050 - 1400 45.85

10M_2 220.98 ± 11.90

0 - 350 36.74

45.16 ± 12.45 15.33
350 - 700 57.93
700 - 1050 53.50
1050 - 1400 32.46

10M_3 266.33 ± 12.52

0 - 350 31.93

30.49 ± 7.35 27.28
350 - 700 23.23
700 - 1050 26.68
1050 - 1400 40.12

10M_4 328.53 ± 39.21

0 - 350 43.91

39.65 ± 4.80 15.75
350 - 700 43.69
700 - 1050 35.73
1050 - 1400 35.27

Table 6.7: Results summary for XVA0. SAR: Segmented area recovery; TAAR: Total average area recovery; WPR:
Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

XVA0_1 74.59 ± 1.74

0 - 350 26.87

21.47 ± 8.36 19.14
350 - 700 14.62
700 - 1050 14.06
1050 - 1400 30.34

XVA0_2 186.43 ± 37.79

0 - 350 19.91

17.40 ± 4.94 6.94
350 - 700 16.88
700 - 1050 10.72
1050 - 1400 22.09

XVA0_3 68.04 ± 0.68

0 - 350 31.75

23.49 ± 8.98 49.77
350 - 700 18.82
700 - 1050 13.17
1050 - 1400 30.24

XVA0_4 69.13 ± 1.43

0 - 350 23.57

18.33 ± 7.78 3.16
350 - 700 12.44
700 - 1050 10.93
1050 - 1400 26.38
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Table 6.8: Results summary for XVA10. SAR: Segmented area recovery; TAAR: Total average area recovery; WPR:
Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

XVA10_1 153.35 ± 4.59

0 - 350 13.46

10.39 ± 2.56 3.46
350 - 700 11.04
700 - 1050 9.73
1050 - 1400 7.34

XVA10_2 118.64 ± 1.71

0 - 350 16.48

14.92 ± 1.99 2.12
350 - 700 16.54
700 - 1050 14.25
1050 - 1400 12.39

XVA10_3 172.47 ± 10.42

0 - 350 19.20

20.91 ± 5.43 0.93
350 - 700 27.16
700 - 1050 22.91
1050 - 1400 14.39

XVA10_4 201.96 ± 2.36

0 - 350 57.45

52.80 ± 5.48 6.85
350 - 700 45.06
700 - 1050 55.72
1050 - 1400 52.98

and the water permeability plotted in figure 6.11 not much correlation was found for all
analysed matrices. It was expected that a significant decrease in the water permeability
would be found whenever a large healing performance, either in the top or bottom of the
specimens, would be measured by the image analysis form the µCT scan. However, it is
worth to note that a portion of the very bottom and top of the specimens could not be
analysed in the µCT scan images. Other imaging techniques such as microscopy or the
digital reconstruction of the sample using laser scanners could potentially lead to more
detailed information of the formation of self-healing products close to the crack surface.

EFFECT OF FIBRE CONTENT

In table 6.9 and 6.10 a summary of the results regarding the healing performance of com-
posites with 0.5 and 1% of cellulose fibres is given. It is possible to notice that greater
volume of fibres helped on the self-healing of the evaluated samples. The larger forma-
tion of healing products can be observed in the results from the image analysis and also
from the water permeability test. Comparing the results from figure 6.12 (samples with
fibres) and the figure 6.11 (only the matrix) it is also possible to conclude that the use of
0.5% of fibres have contributed to the self-healing and the use of 1% of fibres delivered
the highest healing performance. Therefore, it is interesting to observe that the use of
natural fibres positively influence on the formation of autogenous self-healing products.

EFFECT OF FIBRE PRE-TREATMENT AND NO ACCELERATED AGEING

The use of pre-treated fibres was also investigated. As showed before, treated fibres can
absorb less water and therefore the total healing performance of the composite might be
effected. The results obtained from the experiments and summarized in the tables 6.11,
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Figure 6.11: Autogenous self-healing recovery of samples with no fibres. The average area recovery measured
on the CT scan images are represented with bars and the water permeability recovery is represented by the
lines.

Table 6.9: Results summary for C050HC0DC. SAR: Segmented area recovery; TAAR: Total average area recovery;
WPR: Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

C050HC0DC_1 166.36 ± 6.70

0 - 350 33.16

22.50 ± 8.56 36.46
350 - 700 19.51
700 - 1050 24.49
1050 - 1400 12.85

C050HC0DC_2 107.45 ± 2.20

0 - 350 50.08

43.95 ± 7.57 47.31
350 - 700 44.20
700 - 1050 48.29
1050 - 1400 33.20

C050HC0DC_3 191.87 ± 2.15

0 - 350 11.22

7.82 ± 3.92 3.75
350 - 700 9.95
700 - 1050 7.75
1050 - 1400 2.34

C050HC0DC_4 242.79 ± 4.67

0 - 350 13.56

9.51 ± 4.17 -0.07
350 - 700 12.03
700 - 1050 8.18
1050 - 1400 4.26
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Table 6.10: Results summary for C100HC0DC. SAR: Segmented area recovery; TAAR: Total average area recov-
ery; WPR: Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

C100HC0DC_1 139.85 ± 1.97

0 - 350 22.45

16.05 ± 5.90 25.14
350 - 700 18.42
700 - 1050 14.78
1050 - 1400 8.56

C100HC0DC_2 114.23 ± 4.35

0 - 350 33.30

36.25 ± 3.22 35.14
350 - 700 40.36
700 - 1050 34.12
1050 - 1400 37.21

C100HC0DC_3 139.11 ± 13.36

0 - 350 27.42

19.82 ± 6.55 73.77
350 - 700 22.95
700 - 1050 15.78
1050 - 1400 13.13

C100HC0DC_4 103.48 ± 3.72

0 - 350 37.79

32.30 ± 7.43 82.67
350 - 700 39.50
700 - 1050 24.72
1050 - 1400 27.20

1 2 3 4
60

40

20

0

20

40

60

80

100

To
ta

l a
ve

ra
ge

 a
re

a 
re

co
ve

ry
 [%

]

C050HC0DC
C100HC0DC

60

40

20

0

20

40

60

80

100

W
at

er
 p

er
m

ea
bi

lit
y 

re
co

ve
ry

 [%
]

Figure 6.12: Autogenous self-healing recovery of samples with fibres. The average area recovery measured on
the CT scan images are represented with bars and the water permeability recovery is represented by the lines.
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Table 6.11: Results summary for C055HC0DC. SAR: Segmented area recovery; TAAR: Total average area recov-
ery; WPR: Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

C055HC0DC_1 140.92 ± 1.62

0 - 350 30.84

25.72 ± 16.93 -26.26
350 - 700 39.50
700 - 1050 1.02
1050 - 1400 31.53

C055HC0DC_2 154.52 ± 11.89

0 - 350 -19.85

-23.53 ± 9.76 -8.69
350 - 700 -15.16
700 - 1050 -21.53
1050 - 1400 -37.60

C055HC0DC_3 221.29 ± 2.01

0 - 350 25.46

22.83 ± 3.30 34.06
350 - 700 18.09
700 - 1050 24.58
1050 - 1400 23.20

C055HC0DC_4 139.86 ± 11.12

0 - 350 13.93

20.08 ± 4.63 24.05
350 - 700 25.04
700 - 1050 21.46
1050 - 1400 19.90

6.12, 6.13 and 6.14 and figures 6.13 and 6.14 show that for both fibre reinforcement levels
the use of treated fibres did not increase the formation of autogenous self-healing prod-
ucts. In the case of samples reinforced with 0.5% of cellulose pulp the maximum healing
capacity measured in the µCT scan images and water permeability test have decreased
with the increase in the number of HC. On the other hand, in samples reinforced with
1% of cellulose pulp this trend was only found in the results from the image analysis.
Moreover, there is more homogeneity in the results from the µCT scan when fibres with
more HC are used. For composites reinforced by 0.5% a frequently healing performance
of 20 to 30% was found for 0, 5 and 10HC. Moreover, in samples reinforced by 1% the
healing performance through the crack achieved 30 to 40% with non-treated fibres, and
frequently the samples with treated fibres (5HC and 10HC) have demonstrated results
from 10 to 20%.

EFFECT OF ACCELERATED AGEING ON THE SELF-HEALING PERFORMANCE

FIBRES WITH NO PRE-TREATMENT

Firstly regarding the specimens reinforced with 0.5% of cellulose pulp, in general the
self healing performance measured with the µCT scan is smaller when the samples are
exposed to accelerated ageing. These results are shown in tables 6.9, 6.15 and 6.16 and
figure 6.15. Anyhow, the distribution of the healing products through the sample height
became more homogeneous, with less spreading and results in the range of 10 to 20%
are frequently observed in samples exposed to 10 and 20 ageing cycles. Moreover, this
smaller spread in the healing performance was also observed in the water permeability
results.
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Table 6.12: Results summary for C0510HC0DC. SAR: Segmented area recovery; TAAR: Total average area recov-
ery; WPR: Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

C0510HC0DC_1 117.80 ± 5.89

0 - 350 16.81

13.19 ± 3.56 0.46
350 - 700 15.03
700 - 1050 12.29
1050 - 1400 8.65

C0510HC0DC_2 141.80 ± 3.38

0 - 350 24.76

20.05 ± 5.13 3.44
350 - 700 24.04
700 - 1050 16.86
1050 - 1400 14.52

C0510HC0DC_3 136.49 ± 7.35

0 - 350 23.73

20.34 ± 7.20 11.01
350 - 700 19.78
700 - 1050 27.30
1050 - 1400 10.57

C0510HC0DC_4 212.05 ± 4.90

0 - 350 13.17

8.55 ± 3.64 -3.75
350 - 700 8.36
700 - 1050 8.42
1050 - 1400 4.27

Table 6.13: Results summary for C105HC0DC. SAR: Segmented area recovery; TAAR: Total average area recov-
ery; WPR: Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

C105HC0DC_1 144.43 ± 4.17

0 - 350 21.15

17.89 ± 3.02 40.35
350 - 700 18.37
700 - 1050 18.20
1050 - 1400 13.85

C105HC0DC_2 179.00 ± 17.47

0 - 350 17.60

14.09 ± 2.85 16.63
350 - 700 13.05
700 - 1050 14.84
1050 - 1400 10.86

C105HC0DC_3 121.34 ± 2.80

0 - 350 33.41

20.37 ± 9.01 48.45
350 - 700 18.22
700 - 1050 17.13
1050 - 1400 12.74

C105HC0DC_4 214.78 ± 12.90

0 - 350 34.23

22.81 ± 8.69 22.28
350 - 700 24.12
700 - 1050 19.06
1050 - 1400 13.83
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Table 6.14: Results summary for C1010HC0DC. SAR: Segmented area recovery; TAAR: Total average area recov-
ery; WPR: Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

C1010HC0DC_1 179.43 ± 4.67

0 - 350 -

- ± - -
350 - 700 -
700 - 1050 -
1050 - 1400 -

C1010HC0DC_2 134.34 ± 4.40

0 - 350 13.45

10.78 ± 4.77 37.11
350 - 700 12.13
700 - 1050 13.85
1050 - 1400 3.72

C1010HC0DC_3 108.32 ± 9.05

0 - 350 17.11

10.90 ± 4.54 72.64
350 - 700 10.60
700 - 1050 9.65
1050 - 1400 6.23

C1010HC0DC_4 143.95 ± 12.12

0 - 350 34.33

24.89 ± 7.83 18.57
350 - 700 26.68
700 - 1050 23.08
1050 - 1400 15.49
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Figure 6.13: Autogenous self-healing recovery of samples with 0.5% of fibres after different HC. The average
area recovery measured on the CT scan images are represented with bars and the water permeability recovery
is represented by the lines.
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Figure 6.14: Autogenous self-healing recovery of samples with 1.0% of fibres after different HC. The average
area recovery measured on the CT scan images are represented with bars and the water permeability recovery
is represented by the lines.

1 2 3 4
60

40

20

0

20

40

60

80

100

To
ta

l a
ve

ra
ge

 a
re

a 
re

co
ve

ry
 [%

]

C050HC0DC
C050HC10DC
C050HC20DC

60

40

20

0

20

40

60

80

100

W
at

er
 p

er
m

ea
bi

lit
y 

re
co

ve
ry

 [%
]

Figure 6.15: Autogenous self-healing recovery of samples with 0.5% of fibres with no HC and exposed to differ-
ent DC. The average area recovery measured on the CT scan images are represented with bars and the water
permeability recovery is represented by the lines.
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Table 6.15: Results summary for C050HC10DC. SAR: Segmented area recovery; TAAR: Total average area recov-
ery; WPR: Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

C050HC10DC_1 130.17 ± 3.17

0 - 350 18.70

11.29 ± 5.98 54.07
350 - 700 11.85
700 - 1050 10.51
1050 - 1400 4.11

C050HC10DC_2 133.41 ± 0.78

0 - 350 11.65

8.82 ± 2.79 21.09
350 - 700 9.09
700 - 1050 9.56
1050 - 1400 4.99

C050HC10DC_3 259.56 ± 20.90

0 - 350 22.80

14.77 ± 5.95 25.49
350 - 700 14.61
700 - 1050 13.17
1050 - 1400 8.51

C050HC10DC_4 145.64 ± 9.42

0 - 350 19.52

20.01 ± 4.84 46.41
350 - 700 26.98
700 - 1050 16.38
1050 - 1400 17.15

Table 6.16: Results summary for C050HC20DC. SAR: Segmented area recovery; TAAR: Total average area recov-
ery; WPR: Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

C050HC20DC_1 356.40 ± 10.19

0 - 350 16.32

-1.57 ± 29.13 19.73
350 - 700 12.93
700 - 1050 9.53
1050 - 1400 -45.07

C050HC20DC_2 98.50 ± 2.58

0 - 350 25.96

28.78 ± 4.73 14.52
350 - 700 24.67
700 - 1050 29.22
1050 - 1400 35.26

C050HC20DC_3 126.11 ± 1.06

0 - 350 26.80

24.64 ± 4.26 9.38
350 - 700 29.56
700 - 1050 21.62
1050 - 1400 20.58

C050HC20DC_4 246.25 ± 2.28

0 - 350 5.39

9.10 ± 6.32 18.99
350 - 700 13.10
700 - 1050 15.66
1050 - 1400 2.25
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Table 6.17: Results summary for C100HC10DC. SAR: Segmented area recovery; TAAR: Total average area recov-
ery; WPR: Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

C100HC10DC_1 138.78 ± 9.13

0 - 350 14.33

11.45 ± 8.87 19.81
350 - 700 12.01
700 - 1050 20.25
1050 - 1400 -0.79

C100HC10DC_2 187.27 ± 2.64

0 - 350 5.19

-0.05 ± 3.78 14.88
350 - 700 0.00
700 - 1050 -1.92
1050 - 1400 -3.48

C100HC10DC_3 198.83 ± 14.59

0 - 350 12.86

12.09 ± 3.84 21.65
350 - 700 16.75
700 - 1050 11.24
1050 - 1400 7.49

C100HC10DC_4 237.19 ± 39.38

0 - 350 20.05

13.69 ± 5.47 32.88
350 - 700 14.28
700 - 1050 13.74
1050 - 1400 6.68

When the samples reinforced by 1% of cellulose pulp is observed the self-healing
performance were significantly influenced by the ageing cycles. The worsening in the
healing performance was measured in the results from the µCT scan and from the water
permeability tests and summarized in the tables 6.10, 6.17 and 6.18 and figure 6.16.

One interesting observation might be done when the comparison between the re-
sults from the µCT scan and the water permeability tests is observed. Larger values of
water permeability recovery are found when healing performances in the range of 20 to
30% are systematically observed through the height of the samples when the µCT scan
results are evaluated.

FIBRES WITH 5 CYCLES OF PRE-TREATMENT

Analysing the results from the self-healing performance obtained from theµCT scan and
water permeability it is possible to notice that 5HC was not able to help in keeping the
stability of the composites after the accelerating ageing cycles. The results from samples
with 0.5% of fibres are summarized in tables 6.11, 6.19, 6.20 and figure 6.17. The results
from samples with 1.0% of fibres are summarized in tables 6.13, 6.21, 6.22 and figure 6.18.
For both reinforcement levels the use of treated fibres did demonstrate frequent healing
capacity through the height of the specimen of around 10 to 20% after 10 ageing cycles.
However, the water permeability results revealed worsening after the ageing cycles.

FIBRES WITH 10 CYCLES OF PRE-TREATMENT

Regarding the results of samples which have used fibres submitted to 10HC, it seams that
the self-healing performance was dependent on the total volume of fibres. A summary
of the results obtained can be found in tables 6.12, 6.23, 6.24 and figure 6.19 for samples
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Table 6.18: Results summary for C100HC20DC. SAR: Segmented area recovery; TAAR: Total average area recov-
ery; WPR: Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

C100HC20DC_1 368.72 ± 1.57

0 - 350 5.14

13.70 ± 6.31 -12.47
350 - 700 13.30
700 - 1050 19.89
1050 - 1400 16.47

C100HC20DC_2 256.25 ± 2.59

0 - 350 14.63

19.69 ± 8.55 12.04
350 - 700 20.80
700 - 1050 12.04
1050 - 1400 31.27

C100HC20DC_3 208.64 ± 1.44

0 - 350 5.56

10.80 ± 5.92 -0.35
350 - 700 18.13
700 - 1050 13.05
1050 - 1400 6.46

C100HC20DC_4 393.44 ± 52.53

0 - 350 11.54

14.55 ± 4.41 -4.89
350 - 700 19.69
700 - 1050 10.28
1050 - 1400 16.70
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Figure 6.16: Autogenous self-healing recovery of samples with 1.0% of fibres with no HC and exposed to differ-
ent DC. The average area recovery measured on the CT scan images are represented with bars and the water
permeability recovery is represented by the lines.
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Table 6.19: Results summary for C055HC10DC. SAR: Segmented area recovery; TAAR: Total average area recov-
ery; WPR: Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

C055HC10DC_1 111.66 ± 1.40

0 - 350 11.22

12.95 ± 1.32 31.42
350 - 700 13.20
700 - 1050 12.94
1050 - 1400 14.42

C055HC10DC_2 188.36 ± 5.26

0 - 350 16.60

12.76 ± 3.05 13.14
350 - 700 11.86
700 - 1050 9.28
1050 - 1400 13.30

C055HC10DC_3 306.05 ± 13.61

0 - 350 15.35

10.89 ± 4.75 18.69
350 - 700 12.45
700 - 1050 11.56
1050 - 1400 4.19

C055HC10DC_4 95.72 ± 0.96

0 - 350 10.07

7.46 ± 3.03 15.78
350 - 700 3.82
700 - 1050 6.11
1050 - 1400 9.84

Table 6.20: Results summary for C055HC20DC. SAR: Segmented area recovery; TAAR: Total average area recov-
ery; WPR: Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

C055HC20DC_1 125.49 ± 6.83

0 - 350 18.83

11.25 ± 5.14 -2.93
350 - 700 8.53
700 - 1050 9.91
1050 - 1400 7.72

C055HC20DC_2 192.37 ± 12.35

0 - 350 18.58

17.12 ± 0.98 -3.10
350 - 700 16.52
700 - 1050 16.87
1050 - 1400 16.53

C055HC20DC_3 156.75 ± 11.80

0 - 350 20.71

16.18 ± 3.09 18.67
350 - 700 14.93
700 - 1050 13.76
1050 - 1400 15.33

C055HC20DC_4 200.75 ± 5.38

0 - 350 18.23

12.87 ± 5.38 -5.30
350 - 700 14.56
700 - 1050 13.25
1050 - 1400 5.43
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Table 6.21: Results summary for C105HC10DC. SAR: Segmented area recovery; TAAR: Total average area recov-
ery; WPR: Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

C105HC10DC_1 181.24 ± 8.11

0 - 350 15.07

17.47 ± 2.79 -1.77
350 - 700 17.88
700 - 1050 15.68
1050 - 1400 21.24

C105HC10DC_2 257.64 ± 3.04

0 - 350 7.38

6.30 ± 2.39 16.50
350 - 700 5.90
700 - 1050 8.76
1050 - 1400 3.18

C105HC10DC_3 218.51 ± 12.28

0 - 350 27.00

22.80 ± 4.18 8.45
350 - 700 21.25
700 - 1050 17.66
1050 - 1400 25.26

C105HC10DC_4 120.70 ± 8.50

0 - 350 16.16

13.94 ± 3.82 -2.41
350 - 700 8.37
700 - 1050 16.67
1050 - 1400 14.57

Table 6.22: Results summary for C105HC20DC. SAR: Segmented area recovery; TAAR: Total average area recov-
ery; WPR: Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

C105HC20DC_1 182.29 ± 6.93

0 - 350 10.37

16.25 ± 5.39 -20.03
350 - 700 20.50
700 - 1050 21.13
1050 - 1400 12.99

C105HC20DC_2 225.61 ± 2.50

0 - 350 11.45

12.01 ± 7.25 -6.89
350 - 700 22.24
700 - 1050 5.46
1050 - 1400 8.91

C105HC20DC_3 204.20 ± 3.61

0 - 350 10.26

7.96 ± 2.15 2.40
350 - 700 9.32
700 - 1050 6.28
1050 - 1400 5.99

C105HC20DC_4 140.00 ± 13.70

0 - 350 8.82

5.06 ± 2.52 -25.96
350 - 700 4.16
700 - 1050 3.72
1050 - 1400 3.55



6

132
6. AUTOGENOUS SELF-HEALING OF CEMENTITIOUS MATERIALS: THE INFLUENCE OF

RHEOLOGY MODIFIERS AND CELLULOSE PULP

1 2 3 4
60

40

20

0

20

40

60

80

100

To
ta

l a
ve

ra
ge

 a
re

a 
re

co
ve

ry
 [%

]

C055HC0DC
C055HC10DC
C055HC20DC

60

40

20

0

20

40

60

80

100

W
at

er
 p

er
m

ea
bi

lit
y 

re
co

ve
ry

 [%
]

Figure 6.17: Autogenous self-healing recovery of samples with 0.5% of fibres after 5HC and exposed to DC. The
average area recovery measured on the CT scan images are represented with bars and the water permeability
recovery is represented by the lines.
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Figure 6.18: Autogenous self-healing recovery of samples with 1.0% of fibres after 5HC and exposed to DC. The
average area recovery measured on the CT scan images are represented with bars and the water permeability
recovery is represented by the lines.
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Table 6.23: Results summary for C0510HC10DC. SAR: Segmented area recovery; TAAR: Total average area re-
covery; WPR: Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

C0510HC10DC_1 252.17 ± 34.71

0 - 350 11.02

6.71 ± 4.10 36.59
350 - 700 9.19
700 - 1050 4.49
1050 - 1400 2.16

C0510HC10DC_2 274.06 ± 15.43

0 - 350 72.13

71.23 ± 4.74 32.54
350 - 700 64.31
700 - 1050 74.76
1050 - 1400 73.73

C0510HC10DC_3 168.78 ± 7.89

0 - 350 19.23

14.10 ± 5.15 29.25
350 - 700 16.38
700 - 1050 13.63
1050 - 1400 7.18

C0510HC10DC_4 163.40 ± 4.97

0 - 350 18.00

16.60 ± 1.74 33.66
350 - 700 15.35
700 - 1050 14.86
1050 - 1400 18.21

with 0.5% of fibres. In the case of results from samples with 1.0% of fibres the results
are shown in tables 6.14, 6.25, 6.26 and figure 6.20. Samples with 0.5% of pre-treated
fibres resulted in a certain level of protection and delivered better healing performance
when the samples were exposed to 10 accelerated ageing cycles. This healing perfor-
mance was observed in the results from theµCT scan as well as in the water permeability
test. Nevertheless, after 20 accelerating ageing cycles the water permeability results have
shown significant worsening in the healing performance, while in the µCT scan frequent
healing performance of 10 to 20% through the sample height was still found. Regarding
composites reinforced with 1% of fibres µCT scan results have shown crack healing per-
formance through the height of the samples frequently in the range of 10 to 20% for 0,
10 and 20 accelerated ageing cycles. However, the water permeability results from these
samples have showed worsening after ageing.

In overall the use of pre-treated fibres does not show signifiant protection to the au-
togenous self-healing performance. The lack of formation of healing products is mainly
observed in the water permeability tests when very little or no water blockage was pro-
vided for samples exposed to 10 and 20DC. This low performance might not be exclu-
sively related to an eventual degradation of the fibres, but also by modifications in the
matrix. As the accelerated ageing cycles impose the samples to an aggressive wetting and
drying regime, a densification of the microstructure via pozzolanic reactions, further hy-
dration or at some level carbonation plays an important role. An evidence of this further
developments in the matrix can be exemplified by the higher compressive strength re-
sult of the samples exposed to the ageing. Moreover, the densification is somehow also
related to the capture of the available calcium ions in the matrix to the creation of more
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Table 6.24: Results summary for C0510HC20DC. SAR: Segmented area recovery; TAAR: Total average area re-
covery; WPR: Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

C0510HC20DC_1 193.93 ± 3.28

0 - 350 7.59

4.50 ± 2.77 -17.61
350 - 700 5.69
700 - 1050 3.54
1050 - 1400 1.16

C0510HC20DC_2 181.05 ± 7.65

0 - 350 13.09

11.84 ± 2.64 -17.25
350 - 700 12.71
700 - 1050 13.65
1050 - 1400 7.93

C0510HC20DC_3 177.18 ± 5.87

0 - 350 15.05

13.45 ± 2.39 -15.54
350 - 700 13.87
700 - 1050 14.93
1050 - 1400 9.96

C0510HC20DC_4 173.70 ± 10.00

0 - 350 14.46

13.89 ± 0.78 -15.37
350 - 700 13.80
700 - 1050 14.47
1050 - 1400 12.82

Table 6.25: Results summary for C1010HC10DC. SAR: Segmented area recovery; TAAR: Total average area re-
covery; WPR: Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

C1010HC10DC_1 203.72 ± 22.51

0 - 350 22.90

20.82 ± 4.40 20.22
350 - 700 26.00
700 - 1050 17.66
1050 - 1400 16.71

C1010HC10DC_2 183.54 ± 7.66

0 - 350 11.63

8.63 ± 2.60 17.71
350 - 700 9.24
700 - 1050 8.29
1050 - 1400 5.34

C1010HC10DC_3 132.94 ± 12.77

0 - 350 12.86

9.98 ± 2.18 5.49
350 - 700 7.71
700 - 1050 9.15
1050 - 1400 10.20

C1010HC10DC_4 247.26 ± 4.31

0 - 350 18.11

13.64 ± 3.41 5.13
350 - 700 13.93
700 - 1050 9.93
1050 - 1400 12.59
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Table 6.26: Results summary for C1010HC20DC. SAR: Segmented area recovery; TAAR: Total average area re-
covery; WPR: Water permeability recovery.

Sample Crack width [ µm] Depth [slices] SAR [%] TAAR [%] WPR [%]

C1010HC20DC_1 0.00 ± 0.00

0 - 350 9.57

11.35 ± 2.26 -41.19
350 - 700 14.27
700 - 1050 9.56
1050 - 1400 11.98

C1010HC20DC_2 131.32 ± 2.80

0 - 350 -8.18

-20.01 ± 9.16 -37.90
350 - 700 -26.64
700 - 1050 -27.83
1050 - 1400 -17.41

C1010HC20DC_3 209.99 ± 1.73

0 - 350 11.20

17.92 ± 6.24 -17.42
350 - 700 15.75
700 - 1050 18.65
1050 - 1400 26.06

C1010HC20DC_4 141.47 ± 4.61

0 - 350 19.39

17.68 ± 2.23 3.21
350 - 700 15.23
700 - 1050 16.37
1050 - 1400 19.75
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Figure 6.19: Autogenous self-healing recovery of samples with 0.5% of fibres after 10HC and exposed to DC. The
average area recovery measured on the CT scan images are represented with bars and the water permeability
recovery is represented by the lines.
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Figure 6.20: Autogenous self-healing recovery of samples with 1.0% of fibres after 10HC and exposed to DC. The
average area recovery measured on the CT scan images are represented with bars and the water permeability
recovery is represented by the lines.

stable minerals. Therefore, the autogenous self-healing performance is jeopardized by
the lack of available essential components.

Very poor correlation of the recovery results measured with the water permeability
test and the µCT scan were observed. Both techniques used in this research to assess
the healing performance of the composites could provide valid information about the
process. However, if the water permeability of a sample is taken as reference to quantify
the healing performance, parameters such as crack tortuosity, width and the opening of
both extremities emerge as crucial parameters for the water to flow from one side to the
other.

The comparison of images obtained from µCT scan before and after a certain num-
ber of healing cycles is able to provide information about some of the previously listed
parameters. Nevertheless, this technique is not the most suitable to make measurements
close to the crack edge. Far from assuming that only water permeability tests can fully
quantify the healing performance of cracked cementitious composites, the combination
of techniques such as the ones used in this research along with imaging techniques from
both crack extremities is crucial to properly quantify the healing process.

6.5. CONCLUSIONS
This study evaluated the use of natural fibres as water reservoirs in cementitious com-
posites to enhance their autogenous self-healing performance. Besides that, in this re-
search a pre-treatment of the fibres was proposed to improve their durability and an
investigation on the potential consequences of the exposure of the composites to an ac-
celerated ageing.

In summary the following conclusions could be drafted from this study:

• Portland cement matrices samples with HPMC deliver better autogenous self-healing
performance than in samples without. This behaviour might be correlated to the
higher degree of hydration found in samples with this type of admixture, larger
volume of air voids and the anomalous formation of portlandite observed in [160];
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• The autogenous self-healing performance of matrices rich in blast furnace slag
were not influenced by the use of HPMC.

• The use of wet natural fibres up to 1% by volume did not harm the mechanical
performance of the composites;

• The use of natural fibres helped to improve autogenous self-healing performance
of cementitious composites regardless of the used volume.

• The use of the hornification cycles as a pretreatment of the cellulose pulp decrease
the total volume of water that those fibres are able to absorb. This behaviour wors-
ened the total autogenous self-healing performance of the composites when com-
pared to those reinforced by non-treated fibres.

• Only fibres pre-treated by 10HC have demonstrated some level of protection against
the accelerated ageing cycles when the results from µCT scan are observed. How-
ever, it is not clear if the low autogenous self-healing performance from aged sam-
ples was caused by the ageing of the fibres or the densification of the matrix.

• Very little correlation between the results from the µCT scan and the water perme-
ability tests were found. Both techniques presents advantages and disadvantages.
The images obtained from µCT scan are useful to assess the healing performance
through the sample height while the water permeability test is more sensitive to a
sealing of one of the crack extremities.
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PIEZORESISTIVE PROPERTIES OF

CEMENTITIOUS COMPOSITES

REINFORCED BY PVA FIBRES

It does not matter how slowly you go as long as you do not stop.

Confucius

The use of fibres to enhance the ductility of cementitious composites has been extensively
studied for the past few years. The addition of polymeric or metalic fibres with random
orientation to the composite or even natural long and aligned fibres demonstrated a very
successful reinforcement capable to reach a high mechanical performance. Other property
that has been studied is the use of those composites to work as strain sensors. To develop
piezoresistive properties on cementitious composite, the addition of conductive materials
is necessary. This research evaluated the incorporation of different volumes of multi-wall
carbon nanotubes on the piezoresistive properties of strain hardening cementitious com-
posites (SHCC) reinforced by PVA fibres. Through impedance measurements the opening
of the cracks under tensile loading was studied. The characterization of this material can
help on the understanding of self-sensing properties, adding value to the SHCC used by
the repair industry and will contribute to the continuous infrastructure monitoring.

This chapter has been published in Figueiredo S.C., Çopuroğlu O., Šavija B., Schlangen E. (2018) Piezoresistive
Properties of Cementitious Composites Reinforced by PVA Fibres. In: Mechtcherine V., Slowik V., Kabele P. (eds)
Strain-Hardening Cement-Based Composites. SHCC 2017. RILEM Bookseries, vol 15. Springer, Dordrecht
[235]
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7.1. INTRODUCTION

I NFRASTRUCTURE maintenance is a worldwide problem, due to the high complexity of
the structures and the cost involved in a durability surveillance. The service life of a

large number of existing concrete structures are soon to reach 50 or more years in many
countries, bringing problems and high costs for refurbishment to extend their service
life. An example can be drafted by the conditions of roads in United States of America
and in Brazil, where 32% [236] in 2013 and 57,3% [237] in 2015 respectively were consid-
ered in unsatisfactory conditions. Maintenance surveillance of infrastructure spread in
large areas will be always challenging, and resources demanding. Therefore, techniques
which improve the efficiency of infrastructure monitoring must be developed.

Most of the infrastructure will need repair interventions during their service life. In
the past few years, several projects have been carried out on the development and char-
acterization of different repair materials. Among these, the performance of high ductility
cementitious composites have drawn the attention of different sectors, bringing conclu-
sions about the importance of the capability of absorbency of high strains of this kind of
material [21].

Emerging as one of the most successful ductile materials in civil engineering, strain
hardening cementitious composites (SHCC) are an example of the important role of duc-
tility on performance of such composites. The match between the tailored brittle matrix
and ductility of the Polyvinyl Alcohol fibres (PVA) enables these composites to develop
multiple cracks when loaded under tension. In the very beginning, the matrix of this
class of composite, also called Engineered Cementitious Composites (ECC) in this case,
was composed by ordinary Portland cement, silica fume and sand [91]. Afterwards, dif-
ferent compositions for this matrix were developed, like demonstrated by [111], where
the incorporation of blast furnace slag and limestone powder was investigated on the
cementitious matrix. [238] demonstrated the importance of low toughness of the brittle
matrix of cementitious composites, in order to obtain a pseudo-strain hardening be-
haviour.

Moreover, several other projects evaluated the performance of different fibres to re-
inforce cementitious matrix. Carbon [239], polyethylene (PE) [197], polypropylene (PP)
[240], steel [241] and natural fibres [242] are usually found on literature as reinforcement
for high ductility cementitious composites. Recently the search for hybrid reinforcement
was pursued by [243] and in a multi-scale fibre reinforcement by [244], where the cemen-
titious composites were reinforced by steel fibres and wollastonite micro-fibres. Besides
the high mechanical properties, the SHCC’s demonstrated a good performance when
subjected to accelerated ageing tests and capability to develop autogenous self-healing,
confirming extraordinary performance of this composite [107]. Some researches [32]
investigated the self-sensing properties of ECC loaded in uniaxial tension. In their re-
search, the influence of number of cracks and their average width was correlated with
the increase of the electrical resistivity.

The development of smart cementitious composites has been under the spotlight,
as well. The addition of electrical conductive fillers in cementitious materials decreases
the overall resistivity of the composite. There are many works describing the influence of
addition of materials like, nano ZrO2, Al2O3, Fe2O3 and TiO2, ensuring mechanical per-
formance improvement and in some cases lowering the electrical resistivity. However,
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Table 7.1: CNT properties

Average
diameter

[nm]

Average
length
[µm]

Carbon
purity

[%]

Surface
area

[m2/g]

Volume
resistivity

[Ω.cm]

9.5 1.5 90 250-300 10-4

the focus has been on the carbon nanotubes and nanofibres [35].

The electrical conductivity of cementitious composites with conductive fillers is rep-
resented usually by those three different forms: contacting conduction, tunnelling con-
duction (and/or field emission conduction), and ionic conduction. The contacting con-
duction is characterized by the direct contact of conductive particles. Tunnelling con-
duction happens only when the conductive particles are separated by a maximum dis-
tance of 10nm, and field emission conduction is induced when a strong electrical field
is generated. The sharp tips found in nanomaterials, like carbon nanotubes (CNT), are
important to create this strong field. Finally, ionic conduction plays a very important
role in the case of cementitious matrixes, as well. The water present in the voids might
dissolve the ions from the matrix, resulting in ionic conduction through interconnected
capillary pores [25].

The use of carbon nanofibres on cementitious composites has been successfully em-
ployed on the development of smart composites for crack detection [36]. The develop-
ment of a SHCC which would be able to contribute with the infrastructure health moni-
toring is investigated on this research program. An experimental routine is proposed to
evaluate the performance of self-sensing SHCC.

7.2. EXPERIMENTAL
The SHCC developed by [111] was used as reference. The mix design of this composite
employs ordinary Portland Cement (OPC) CEM-I 42.5N and blast furnace slag (BFS) as
binders, limestone powder (LP) as filler and 2 vol.% of PVA fibres as reinforcement. To in-
vestigate the influence of CNT on the piezoresistive and mechanical performance of this
composite two levels of incorporation 0.05 and 0.1 wt.% of binder weight were tested.
The CNT used were delivered dispersed in aqueous solution with surfactant, with con-
centration of 3 wt.% by Nanocyl S.A. The properties of the dispersed CNT can be found
in 7.1 and the mix design in 7.2.

500ml of the mixture were mixed in a Hobart mixer according to the following pro-
cedure: all the dry components were mixed at low speed for 4 minutes, then the liquids
(water + superplasticizer + CNT solution) were added to the dry components and mixed
for 1 minute at low speed, followed by 4 minutes at high speed. The total volume of
water, superplasticizer and CNT solution were sonicated for 25 minutes in advance to
enhance the nanoparticle dispersion.

The mixture was casted on dog-bone shape cylinders (see figure 7.1 with dimensions
in millimetres). After casting, these moulds were covered with plastic foil during the first
24 hours of curing. The samples were demoulded after 24 hours of curing and the follow-
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Table 7.2: Mix design of the composite [kg /m3]

M6 M6 - 2CNT M6 - 4CNT

OPC 237 237 237
BFS 553 553 553
LP 790 790 790

Water 411 398.2 385.4
PVA 26 26 26
CNT 0 13.2 26.4

Superplasticizer 1.4 1.4 1.4

Figure 7.1: Dog-bone mould dimensions (in millimetres).

ing 27 days were in the curing room with a relative humidity higher than 95% and 20°C.
Such small specimens were adopted on this research due to the use of CNT and the in-
vestigation of the electrical properties of the composite during the mechanical load. Re-
garding the necessity of employment of small specimens, it is believed that the internal
diameter of 16mm will be enough to promote reasonable dispersion of PVA fibres.

Tensile test was performed using two LVDT’s to control the average crack opening.
The first 30µm of crack opening were performed at 0,02µm/s. From 30µm to 100µm the
speed was increased to 0,1µm/s then, from 100µm to 600µm the speed was 0,5µm/s and
the test was finished at 800µm at 1µm/s. Plexmon 7742 F two component glue was used
to attach the specimen to the supporting screws mounted to the Instron machine (see
7.2). Young’s modulus of the elastic phase and the tensile strength were calculated from
the mechanical test results.

To measure the electrical impedance during the tensile test a function generator was
employed delivering a voltage signal of 15V peak-to-peak amplitude using sine wave
with frequency of 500Hz. The specimen impedance was measured in series with a known
standard resistor of 100kΩ (see 7.3). To separate the resistance and capacitance mea-
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Figure 7.2: Direct tensile test set-up.

surement of the specimen, the phase angle between the current and voltage wave was
utilized. Therefore, a real x imaginary plane with the impedance phasor can be used to
calculate the real resistance and capacitance during loading.

A two probe electrical measurement was performed. The electrodes were glued on
the surface of the specimen on the necking from the external diameter towards the in-
ternal diameter, using a conductive paint and a copper wire. In figure 7.2 the sample is
prepared to be tested. The specimens were prepared on the 28th day and left under the
lab conditions for one day, before the tensile test.

The measurement of the electrical impedance, resistance and capacitance were plot-
ted as function of the average width of the crack. Moreover, the curve was divided in
four segments to calculate the gauge factors according to Equation 7.1, where δ Z is the

Figure 7.3: Diagram representing the electric circuit used.
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Table 7.3: Average mechanical and initial electrical properties.

M6 M6 - 2CNT M6 - 4CNT

E [GPa] 11.2 ± 0.5 13.7 ± 4.1 12.3 ± 0.7
Maximum tensile strength [MPa] 3.4 ± 0.3 3.2 ± 0.4 2.9 ± 0.2
Z0 [kΩ ] 247.6 ± 44.8 252.8 ± 57.0 180.2 ± 52.1
R0 [kΩ ] 258.8 ± 49.4 259.8 ± 62.7 185.7 ± 55.9
C0 [pF] 371.8 ± 29.0 268.0 ± 13.0 416.8 ± 43.6

impedance changes, Z0 is the impedance value before the test start and ϵ is the applied
strain during the tensile test. This relation gives a quantitative method for ranking the
sensitivity of the composite. The gauge factor from impedance changes is named GF,
from resistance RF and capacitance CF. The number after indicates the maximum aver-
age crack opening from the analysed interval.

GF = (
∆Z

Z0
)(

1

ϵ
) (7.1)

The segments correspond to the average crack opening from 0µm to 6µm, 6µm to
20µm, 20µm to 100µm and finally from 100µm to 800µm.The analysis of those factors
will be helpful to evaluate the influence of different concentrations of CNT employed. To
calculate the gauge factor, linear regression from the plot of the values of relative change
on the electric properties (Impedance, Resistance and Capacitance) against the strain
was adopted.

7.3. RESULTS AND DISCUSSION
Table 7.3 shows a summary of the mechanical and initial properties of the composite,
where E, Z0, R0 and C0 are the modulus of elasticity, initial impedance, resistance and
capacitance, respectively. The addition of CNT on the SHCC did not change signifi-
cantly the modulus of elasticity of the composite. However, a decrease on the tensile
strength and ductility was observed. Nevertheless, strain hardening behaviour and mul-
tiple cracking was observed for all cases. An example is shown in Figure 7.4. The de-
crease of the mechanical properties was probably not caused by the CNT, but by the sur-
factant. This material is employed on the CNT solution to help on the dispersion of the
nanoparticles. However, during the composite mixing process foam might be generated,
introducing air pockets in the matrix and on the interface with the fibres.

Measured changes of the modulus of impedance were very similar to those reported
by [32]. The development of cracks lead to an increase of the total resistance of the com-
posite as can be observed in Figure 7.5. The employment of CNT enabled higher gauge
factors calculated from the impedance measurement only for crack width up to 100µm.

Moreover, observing the evolution of the resistance and the capacitance during the
tensile test, two different trends can be pointed out. The electrical resistance of the com-
posite increases while the crack width increases and the capacitance goes backwards
the opposite direction. By observing the Figure 7.6 and Figure 7.7, it is possible to note
that the electrical resistance continuously increases while the damage propagates in the
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Figure 7.4: Multiple cracks developed during tensile test.

(a) M6 (b) M6 2CNT

(c) M6 4CNT

Figure 7.5: Fractional change on the electrical impedance during tensile test.
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(a) M6 (b) M6 2CNT

(c) M6 4CNT

Figure 7.6: Fractional change on the electrical resistance during tensile test.

composite. On the other hand, the electrical capacitance fractional change tends to find
a constant value for wide cracks. Therefore, the electrical capacitance changes are more
valuable sensing mechanism for smaller damages then for large crack control.

During the tensile load the CNTs dispersed in the microstructure of the cementitious
matrix tend to separate from each other. In [43] proposed an electrical model where the
matrix between each CNT could be represented by an analogue electric circuit with a
resistor in parallel to a capacitor. In this model, when the distance between the CNTs
increases, the total impedance of the composite should increase, due to higher values of
resistance and lower values of capacitance. The result found on this research match with
the experimental results and model proposed by [43].

To evaluate the efficiency of CNT employment on cementitious matrix as a piezore-
sistive sensor the gauge factor reported on Figure 7.8 must be taken in account. The
electrical resistance of all mix design evaluated on this study increased during the ten-
sile test, demonstrating the capability of the SHCC to be employed as a damage sensor.
The same result was found by [32]. However, only samples doped with CNT could bring
slightly higher GF6 and RF6 for M6-2CNT and considerably higher CF100 and CF800 for
M6-4CNT. This might mean that ordinary SHCC are good sensors for detection of small
cracks, but CNT doped SHCC sensors could track the development of cracks.
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(a) M6 (b) M6 2CNT

(c) M6 4CNT

Figure 7.7: Fractional change on the electrical capacitance during tensile test.

Figure 7.8: Average gauge factor calculated from: (a) Impedance modulus, (b) resistance and (c) capacitance.
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7.4. CONCLUSIONS
The results found in this experimental work lead to the conclusion that the SHCC could
be employed as a damage sensor, due to the increase of the modulus of the impedance.
However, the use of piezoresistive admixtures as CNT can contribute to the measure-
ment of the crack opening development.

The employment of AC, instead of DC on investigations performed on this field must
be taken in account. The results of this paper have clearly shown the damage depen-
dence of the resistance and capacitance. The fully understanding of changes on the total
impedance values can clarify the entire mechanism behind it. The results have demon-
strated that the changes on capacitance can also be used on measurement of smart ce-
mentitious materials.

Further research is needed on the piezoresistive mechanism of fibre reinforced ce-
mentitious composites. Older samples must be studied to understand the feasibility of
this technique with the development of the hydration, temperature and moisture con-
tent. Recently, [245] demonstrated that moisture on mortar specimens with CNT lead
the composite to lower sensitivity to strain variations. Moreover, the influence of ageing
mechanism like carbonation, freeze and thaw or chloride attack must be comprehended
to deliver durable and long term reliable sensors.

Nevertheless, in general the development of a self-sensing SHCC would be very ben-
eficial due to the high importance of those composites for the repair industry, for struc-
tures built on seismic region and for a better control of the quality of the infrastructure
during their service life.
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8.1. CONCLUSIONS

During this thesis the importance of a methodological and theoretical based process to
develop materials was demonstrated. The use of those theories were fundamental to
approach the problem of developing materials that could be applied for extrusion based
additive manufacturing.

The research could successfully show that the use of a ram-extruder with the Benbow-
Bridwater model can be very successful to study the rheological properties of printable
materials. Moreover, the use of the initial bulk and shear yield stresses are important to
predict the printability and buildability of mixtures.

The project could also address the lack of reinforcement in the printed elements.
The use fibres or more especially the development of printable strain hardening cemen-
titious composites has proved to be an interesting and feasible solution to the problem.
Printed elements could deliver ductility when loaded in two different directions but still
lacked reinforcement when two printed layers were pulled apart.

During the printable mixtures development it was also discovered the enormous im-
portance of viscosity modifier admixtures to control the rheological properties. Mix-
tures with such material could present significant stability during the fresh state what
has contributed to the positively to the printing technique. Samples with this admix-
ture were less susceptible to drying, had a significantly longer dormant stage and the
binders could reach higher degree of hydration. Furthermore, through microstructure
investigations was also possible to prove that the formation of hydration products had
a anomalous distribution in the matrix. Nevertheless, no hazardous modifications were
found in investigated in cement pastes.

Due to the anomalous growth of portlandite in cemenititous materials with hydrox-
ypropyl methylcellulose (HPMC) and the larger amount of air voids a higher efficiency
in the autogenous self-healing performance was also found in printable matrices. The
images obtained from µCT-scan could show the growth of healing products inside of a
crack surface as well as in the inner walls of the air voids. Besides that the use of natural
fibres as water reservoir were also found to be beneficial to the autogenous healing. They
proved to work similarly to what was previously observed for super absorbent polymers.
More stable healing performance was obtained in samples which were pre-treated, as
they were less susceptible to the ageing during the proposed accelerated cycles.

Finally, in the end of the thesis investigations also proved the capabilities of carbon
nanotubes doped strain hardening cementitious composites to work as a damage sen-
sor. The use of impedance measurements were successfully proposed to quantify the
progress of damage in samples loaded in tension. Therefore, in principle one would be
able to print layers of this material to monitor the development of damages over a certain
period of time.

In summary this thesis has covered a number of possibilities to add value and func-
tionality to printing materials aiming the automation improvement. Ideally, a printable
strain hardening cementitious composites with enhanced autogenous self-healing per-
formance and damage sensibility was developed. However, creating new materials in-
deed solve some issues but definitely raises many more chalenges and questions. Some
of those are further approached in the following section.
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8.2. SUGGESTIONS FOR FURTHER RESEARCH
Fortunately this research was conducted in a very recent and innovative environment.
Nowadays, there are several groups and new projects starting to develop studies in this
field. Along with the academia, companies have demonstrated strong interest in going
further applying this new technique on their facilities as well. Therefore, from this study
the following suggestions for future research are given:

• Arguably rheology is one of the research fields that has been under-researched
when compared to concrete durability, reinforcement corrosion or high perfor-
mance concretes for instance. Therefore, much more attention must be given into
this area to develop the theoretical background needed for improvements in the
extrusion based techniques. Developments such as the understanding of the com-
position of solid suspensions and the interaction between the solid and fluid phase
shall contribute to the science of the fresh state of construction and building ma-
terials.

• One important step currently needed in extrusion based additive manufacturing
of cementitious materials is incorporation of larger aggregates. So far, not many
researches have approached this problem which culminates with the excessive use
of fine particles or even binders in printable mixtures. The better understanding
of the influence of the raw materials in the rheological properties might be the way
to solve this important issue.

• The investigations shown in chapters 3, 4 and 5 have demonstrated the large amount
of air-voids in printable materials, due to the use of HPMC. This large porosity in
such type of composites might lead to accelerated ageing. In the case of materials
with steel reinforcement this can be a significantly negative effect as those voids
would facilitate the migration of hazardous materials such as chloride. In order to
minimize presence of these voids vacuum is needed either in the mixing phase or
in the extrusion process. This technique could improve mechanical and durability
properties;

• Including reinforcement in printable materials is one of the most important top-
ics of concern in this area. In order to keep the automation of the construction
technique, and at the same time provide enough ductility to the material fibre re-
inforcement might be one of the most suitable solutions. However, to make sure
that in a structural scale several ranges of crack widths could be covered some
research will be needed in multi-scale fibre reinforcement. Ideally, fibres with dif-
ferent lengths, diameters, mechanical properties and compositions would be able
to cover a larger range of cracks providing the needed ductility;

• Extrusion based additive manufacturing brings the opportunity to place the ma-
terial precisely where it is needed. This possibility emphasizes the opportunity to
incorporate the most advanced materials developed so far in very low contents.
For instance, using high ductility materials only in layers where they are needed
or incorporating self-healing mixtures only where cracking could be deleterious.
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Therefore, the use of different types of materials simultaneously in the same ele-
ment must be a matter of research to understand the consequences of such use.

• Incorporating automation in the construction industry up to the durability of the
element is one of the most challenge topics. Including the ability to self-repair in
the next generation of materials sounds very promising and needed. The incorpo-
ration of different self-healing techniques in printable materials is needed.

• Further research on strain or damage sensitive cementitious composites is needed.
This technique has shown potential to be applied in an on-line durability surveil-
lance of infrastructure. However, further research is needed regarding the influ-
ence of ageing of the cementitious composites on the electrical impedance mea-
surements. Moreover, investigations regarding the use of different piezoresistive
fillers such as carbon fibres or the influence of the surrounding conditions in the
measurement are also necessary.



REFERENCES

REFERENCES
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