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Preface

It is with great pleasure that we welcome you to the Resilient Materials 4 Life (RM4L) International
Conference. Originally scheduled for September 2iX20so many events over the last, very difficult,

18 to 24 months, the conference has had to be first postponed and then moved entirely online. As
such, it is even more pleasing to receive such a wide range of papers from around the world on the
topic ofsmart, biomimetic infrastructure materials and we would like to thank all our contributors for

taking the time to prepare and submit their papers.

The vision of the EPSRC funded RM4L Programme Grant was the generation of new construction
materials that ca adapt to their environment, develop immunity to harmful actions;da{inose the

onset of deterioration and sefifeal when damaged. The need to develop a sustainable and resilient
built environment has never been greater. As will be evidenced inathiisrence, scientifically and
technically, significant progress has been made towards achieving this vision. However, from an
engineering perspective, what is still missing is a detailed assessment of how the structural design of
components might be renvsaged to maximise the advantages facilitated by the adoption of such
materials and how asset owners might quantify and therefore justify their adoption. To this end, we
are particularly grateful to our industrial contributors and for their support iivetégtg the Industry

Session and round table discussions, which we are sure will help us address these challenges.

We trust you will find the conference challenging, but enjoyable, and that it will provide you with an
opportunity to engage with others, bwotin your field of interest and in the wider context of smart,
biomimetic infrastructure materials. We wish you well and we look forward to exploring with you the

latest developments in this vitally important area of research and development.

Conference ChaiProf Bob Lartndthe RM4LProgramme Grant Management Bdar
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Resilient Materiald Life (RM4Lg An overview of research on biomimetic
infrastructure materials

Tony JeffersohnDiane GardnérKevin Pairne Abir AiTabbad
1: School oEngineering, Cardiff University, United Kingdom

2: BRE Centre for Innovative Construction Materials, Department of Architecture and Civil Engineering
University of Bath, United Kingdom

3: Department of Engineering, University of Cambridge, United Kingdom

Introduction

Despite recent endeavours, structures remain susceptible to damage. The need to develop
resilient structures, whilst being prudent with our natural resources has never been more
pressing. Since planning the RM4L project in 2016, the landsgapeanding climate change

has changed significantly. As a research consortium, we had and still have an ambition that by
2050 we can create a sustainable and resilient built environment and infrastructure comprising
materials and structures that continbalmonitor, regulate, adapt and repair themselves
without the need for external intervention. RM4L and its inception was a key enabler of this
ambition, with its own vision of achieving (by the project end) a transformation in construction
materials usinghe biomimetic approach that will adapt to their environment, develop

AYYdzyAle (2 KIFINXYTFdZ FOGA2yas &aStFmRAIFIIy2as$s
damaged. Although we are still-esute to achieving this vision, the innovative research into
sYF NI YFGSNARIfa Ay wan[ 6Aff SyaSyRSNI I aidsSl

materials and provide a much higher level of confidence and reliability in the performance of
our infrastructure systems.

Progress on SeliealingMechanisms

CardiffUniversityand University of Bradforg The work conducted in Cardiff Universtyd
University of Bradforthlls under the main categories of vascular networks and their associated
cargoes, novel polymer inclusions and numerical modelling dfesdlhg systems (see later).

The team have successfully created and tested 2 and 3 dimensional-tiedionel vasdar
networks in concrete elements. Promising repeated healing has also been achieved through
novel minivascular network systems. The encapsulation of healing agents within these
systems has driven the investigation into a wide range of commercial arldes®archbased
agents. These have led to combinations of healing agents to extend encapsulation duration,
enhance reactivity with the matrix and optimise healing efficiency. Novel polymer systems
using shape memory fibres and polymer tendons have besressfully employed as crack
closure techniques. Scalg of the latter is underway, giving due consideration to activation
and anchorage techniques and is soon to be combined with the sensing techniques developed
at the University of Bath. Lastly, novetrdahedral reinforcement for crack control has been
developed with the University of Bradford and is soon to be coupled with concrete mixes that
have been designed to offer an enhanced autogenic healing response to damage.

University oBath¢ Research divities at the University of Bath have been largely focussed on
bacteriabased sethealing (for RT1 and RT2) and onseilfsing technologies (for RT3). It is
shown how research at Bath has developed a broader understanding of the capability of
bacteriato precipitate calcium carbonate. A library of over 140 siffam@ing alkattolerant
bacteria has been obtained, and we have shown thaturenlytic bacteria are the most
suitable for selhealing concrete. Furthermore, it is shown that some bacterauiribrary

can heal cracks at much lower temperatures than research elsewhere. It is also demonstrated

2
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that it is possible to take a naralcite precipitating bacteria (Bacillus subtilis W168) and give it
the genes necessary to do so, and even show hteattorphology of the calcite produced is
dependent on the urease genes added. Thesaiking work that has developed concretes
that recognise that they have cracked is also describees&wing has been achieved through
two methods based on the eletal properties of concrete: external sensing using piezo
sensors and through intrinsic sensing using catiased powders and fibres.

University ofCambridge Research activities at the University of Cambridge targeted a number

of biomimetic systems (R#®) including (i) minerddased additives (expansive mineral
additives for enhanced autogenous healing and mineral inclusions as green corrosion
inhibitors), carborbased additives (graphite and graphene and catiased fibres for self
sensing), selfieding microcapsules (with sodium silicate or green corrosion inhibitors as
cargo) using complex coacervation, microfluidics and membrane emulsification, smart
aggregates (using lightweight Lytag and expanded clay impregnated with sodium silicates or
corroson inhibitors) using pelletisation and spray coating and vascular systems that obey
adzZNNI eQa flF¢ dzaAy3a o5 LINAYGAYy3I FyR Y2RdzZ I N
deployment of embedded sensors with the above to monitor performance4RTBe carbon
footprint assessment of those developments and resulting cementitious products has been on
going hand in hand. Extensive laboratory characterisation and testing culminated in
commercial deployment (RT1) of microcapsules and mineral additives in therbeypaot
Engineering Dyson Building, in 200 concrete blocks, and the new Civil Engineering Building, in
an outdoor reinforced concrete slab. Seafeand potential commercialisation activities are
underway.

Progress on numerical modellinrgThe research coprises a combined numerical and
experimental study on healiragent transport and mechanical damédgsaling processes. The
experimental programme includes mechanical tests on concrete specimens with inbuilt
vascular healing systems, as well as tests @sore healingagent transport properties. The
coupled model employs elements with embedded strong discontinuities linked to a damage
healing constitutive model component for mechanical behaviour. This is coupled to flow
models that simulate healirggent tansport. Some new results are presented on a statistical
discrete model simulation that is used to derive the governing relationships of the
homogenised craeglane damagdiealing model. A series of examples demonstrate the ability
of the new coupled modéo reproduce the experimentally observed behaviour oftsediing
specimens subject to a range of loading scenarios.

The Future¢ Plans for the final year of the project and beyond include: scaling up our
technologies: undertaking large sctdsts and site trials: evaluating the sustainability of the
technologies with a focus on low carbon $eéling concrete and other cementitious
composites and LCA of our biomimetic systems: generally improving our biomimetic and linked
technologies: andgxpanding the capability of 3D models and using them to tailor systems.
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Upgrading the concept of UHPFRC for high durability in the cracked state: the
concept of Ultra High Durability Concrete in the approach of the H2020 project
ReSHEALience

LiberatoFerrara

Department of Civil and Environmental Engineering, Politecnico di Milano, Milan, Italy

Abstract

Current solutions for new concrete constructions in Extremely Aggressive Exposures (EAE), as
recommended and enforced by design codes, ardalohg into account new cemebased
construction materials, such as Ultra High Performance (Fibre Reinforced) Concrete
UHP(FR)C, neither new constituents and products specifically conceived to improve the
concrete durability (including, e.g., nanopdecor sebhealing promoters), because of the

lack of standards and technical awareness by most designers and contractors.

The use of UHPC/UHFRC still has significant limitations to be overcome and has so far failed to
stand as the market breakthrough @@pt/product it was expected to be. This is due to the
claimed superior durability of UHPC/UHPFRC, which has been almost exclusively proven in the
laboratory, and with main reference to the-aracked state. With reference to the cracked
A0F3S || RAAHDIESNAARE A& 3IASYSNIrffe KSdNRARAGAOI €
tightness characterising the material response under tensile loads. What is more, its use has
hardly been accompanied by design considerations, due to the lack of internationally
recognized regulations. Moreover, a clear quantitative evaluation of the structure service life

is also lacking.

ReSHEALience

The H2020 funded ReSHEALience project, whose concept will be outlined in this paper, moves
from the consideration that usingaterials with a high durability performance and durability
based design approaches, the leegn behaviour of these structures will be highly improved.

To this purpose, the UHPC/UHPFRC concept will be upgraded to the concept of Ultra High
Durability Conete (UHDC), combining nasoale constituents (nancellulose, alumina
nanofibers) and seliealing promoters (crystalline admixtures and nraalulose), as
purposefunctionalities to increase the density of the paste and ITZ, control crack growth and
heal small cracks. UHDC will develop, under the stress levels representative of the service state,
a continuous smeared micack pattern, instead of a discrete series of localised cracks (or
macro cracks wider than 0.1 mm). The theoretical and experimeataprehension of the
processes governing the lotgrm material behaviour and degradation will explain how the
new functionalities can modify the nature and kinetics of the same processes.

The paper will present the approach pursued in the project asgnaptic view of the
experimentally obtained results.
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Recent advances in séi¢aling concrete: stimulated and autonomous healing
Nele De Belie

MagnetVandepitte Laboratory, Department of Structural Engineering and Building Materials,
Ghent UniversityBelgium

Introduction

The formation of small cracks (< 300 um in width) in concrete is almost unavoidable. These
cracks may not cause a direct risk of structural collapse, but do accelerate concrete
RSANI RIFGA2Y S YR YI & KSy @S It iddBeRrdhéx Sraciskaovesai N1zO (
certain critical width form a direct path along which aggressive agents can penetrate into the
concrete towards the steel reinforcement. Especially penetration of carbon dioxide or chloride

will increase the risk fonitiation and propagation of steel reinforcement corrosion. When

cracks would be healed upon occurrence, a significant extension in service life can be achieved
and environmental burdens related to maintenance and repair can be avoided to a large
extent.

Current status

Therefore, over the last decade the research onlssling agents to incorporate in concrete,

has grown exponentially. Certain dedfaling agents, like superabsorbent polymers, can
stimulate the autogenous healing properties that traditil concrete possesses. Autogenous
healing in itself will proceed slowly and will lead to complete healing of small cracks only, and
on the condition that liquid water is available in the crack. Stimulated autogenous mechanisms
allow to heal larger cracKalthough generally still limited to crack widths of about-180

pm) and additionally improve healing in an environment with high relative humidity.
Furthermore, autonomous sefiealing mechanisms have been developed, which can heal
cracks of 300 um aneven sometimes up to more than 1 mm, and usually act faster. In this
case complete healing can be obtained in a time span of 1 day (for polymer based systems) up
to 3-4 weeks (for bacteria based or mineral based systems). In sorheaktly systems, the
healing agent needs to be encapsulated, and a whole range of shell materials have been
investigated and tailored for use in cementitious matrices [1]. Researchers have made progress
regarding improved bond with the cementitious matrix and changeable [stoglerties
(flexible in fresh concrete to survive concrete mixing, while brittle in hardened concrete to
release the contents at crack occurrence). For thesdealing agents, the optimum dosages
usually range between 0.5% to 10% by weight of cementdier to obtain sufficient healing

Ay O2YoAYylI A2y 6AGK | fAYAGSR STFFSOG 2y 02y (
remains the londerm stability of encapsulated polymers. This is less problematic when
encapsulating bacterial spores or miief | RRAGAGSas &aiayOS GKSANI

penetrating through the shell is much lower.

A comprehensive review on shHaling concrete, aiming for damage management of
A0NXzOG dzNBaszs ¢l & NBOSydate O2YLIATSR{&EYYSYOSNXAA
[1, 2]. This review reveals the key challenge that thehsaling additions ufo-date are

produced at lab scale and shialing efficiency is only shown at paste/mortar level. It is

further suggested that future research should focus orability of the healed elements,

regarding resistance to chloride ingress, carbonation, freeze/thaw, salt crystallization, etc.

Recent results

Therefore, our recent research has focused on durability and service life of different types of
selthealing conete. For sethealing concrete with macrencapsulated polyurethane-§,
chloride profiles and electron probe microanalysis indicated that this mechanism was efficient

5
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to reduce the chloride penetration. Electrochemical measurements on reinforced ®oncre
specimens subjected to cyclic exposure with a NaCl solution showed that autonomous crack
healing could significantly reduce the corrosion propagation. Active corrosion was monitored
after 10 weeks of exposure of cracked traditional concrete specimeda@@b solution and

after 26 weeks clear pitting damage was observed on the rebars. On the other hand, if cracks
were selfhealed with low viscosity polyurethane, the rebars showed no or very limited
corrosion. While selfiealing by encapsulated polyuretlgans complete after one day,
bacteriabased products take several weeks to heal a 300 um crack. In this case, bacterial
granules containing denitrifying cultures have the benefit to release nitrite as an intermediate
metabolic product which can protect thieinforcement during the crack healing process [6

7]. In another recent stude potential of combining two metabolic pathways, urea hydrolysis
and nitrate reduction, simultaneously in one bacteria strain for improving the bacteriad CaCO
yield has beemvestigated [8].

The experimental selfealing efficiency obtained for each system could then be implemented

in a probabilistic prediction model that estimates the time to chlendearbonatiorinduced

steel depassivation in comparison with ordinagcked concrete [9]. A significantly reduced
maintenance and repair frequency was demonstrated for the poNpased sethealing
concrete. A subsequent life cycle assessment showed a substantial environmental benefit
which can mainly be attributed to thersice life extension possible with se#faling concrete

which easily overcomes environmental burdens inherent to the polymers. A-toagiiee LCA

study was also carried out for fibre reinforced Engineered Cementitious Composite (ECC) with
SuperabsorbeanPolymers (SAP) to stimulate dwdfling [10]. The environmental impacts of

the SAPs, mainly due to expected high energy use during the drying step, could not be
neglected, but remained limited to half or less of the environmental impact of the cement in
the selthealing ECC mix.
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Towards Seffepairing Cities
Mark Miodownik
UCL Mechanic&ngineeringUniversityCollege Londgrunited Kingdom

Introduction

By 2050, 86% of the UK (and ttinirds of global) population will live in cities. Their quality of

life ¢ critically dependent on infrastructure systems for water, powmsmsport etc. and
natural systems for clean air, waste disposal and other associated sewiltelepend on the
engineering and policy innovations of the next ten years. Many infrastructure artefacts are
buried or elevated. Maintaining them throughesttworks causes disruption costing the UK
£4.3Bn pa. Each trench can reduce the life of a road by 30%; expenditure on potholes (£1.2Bn
pa) is 10% of that actually required; half the material removed from trenches ends up in landfill;
congestion doubles tfac pollution. This talk summarises work funding by EPRSC to create
Selfrepairing cities. The work presented is a collaboration between Leeds University,
Birmingham University, University College London and Southampton University. See our
website for moe information about the individual teams: https://selfrepairingcities.com/

Our work

We have developed Robots and Autonomous Systems (RAS) to live within infrastructure,
addressing defects at the millimetre/gresnale,preventing them from growing to the
metre/tonne-scale that requires disruptive intervention. We aretanget to achieve our
technology vision, having demonstrated several prototype infrastructure robots.

Our impact activities inspire the public regarding robots in society and raise tlie pfof
infrastructure, and have been the key contribution so far. Progress has exceeded expectations,
generating unprecedented media, industry and educational interest. We are working with
international infrastructure companies (e.g. Kier, Severn TregliaAnWater) to introduce

RAS concepts at boalglvel. By engaging with academic institutions (via e.g. tiRASWhite
Papers, and collaborations with the OFGEM GRAID, and EPSRC Twenty65) we are setting
national agendas and helping the community to wodether (e.g. to access RAS Capital for
Great Technologies funding). Our Robotics Challenge Event (RCE) attracted international
participants, and we are negotiating with international philanthropic organisations to
showcase our research and vision. Asitified at the proposal stage, the key challenge has
been recruitment and retention of suitably qualified research fellows (RF). We mitigated by
scheduling major deliverables later in the programme, staggering recruitment of RFs and we
remain on track.

Our202SOGAGS gta (2 aNBalG2NBE GKS ol ftlFyOS o0Sig
maintenance vehicles produce damaging air, noise and waste pollution, excavations cause
0Nl yaLR2 NI RSflFead |yR RAALIIFOS | yK¥Rt 0f ¥RKELX
gantries) involves multiple H&S challenges; yet the demands of core maintenance tasks may
be low. A 4onne vehicle might carry 3 people many km to insert a 30g-faoapbulb; we dig
metre-scale holes in roads to repair millimeteale defcts in pipes. This causes imbalances:

the energy used for auxiliary activities is orersagnitude greater than that required for

the core task; the scale and cost of equipment, human and material resources and waste
generation are inflated; and theski to natural ecosystems, human health and wellbeing is
excessive. Our core objectives were to restore the balance by: developing technologies for
autonomous defect detection, diagnosis and repair compatible with new and existing
infrastructure; developingobotic platforms, control strategies, sensing and communication
systems to autonomously operate in complex city environments; and understanding and
managing, technology, society and the environment.
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Our original vision proposed three technological RAfHleciges: Perch & Repair (remote
inspection and maintenance of structures at height, e.g. bridges); Perceive & Patch
(autonomous diagnostics, repair and prevention of defects, e.g. potholes); and Fire & Forget
(robots designed to operate indefinitely, emglive water mains). Together with the UK RAS
Network (http://hamlyn.doc.ic.ac.uk/ulas/) we have added further themes to coordinate

with (inter)national activity: Plunge & Protect (the ability to operate robots underwater or
underground); Dismantle &igpose (cut, separate, and unfasten structures in extreme
environments); Construct & Confirm (coordinating robots to build infrastructure from CAD
models); and Data & Decisions (create and interpret data for robots interfaced with smart
cities). This alsaligns to the EPSRC Delivery Plan and HMG Industrial Strategy (IS). We aim to:
increase productivity through more efficient infrastructure maintenance, reduced disruption
and improved industry skills; improve connectivity by integrating robots, the styamhd the

Internet of Things; increase resilience by providing new ways to maintain critical national
infrastructure; and improve health by reducing pollution and workforce injury rates. Upgrading
infrastructure is a foundation of the IS, and Artifitiaélligence and Data is an IS Grand
Challenge (GC); embedding RAS and associated data systems into infrastructure will be a key
contributor. Our interaction with road monitoring and management and autonomous vehicles
also addresses another@; Future Mbility.

Our work integrates multiple disciplines and partners, generating significant impact, the acme
0SAY3 2dzNJ Wt 2GK2fS t NBOSYyidiAz2y w2020 o0ttwdQ®
maintenance; potholes are an inevitable consequence.PRRR would be part of a system

where maintenance is continuous from day 1, repairing small defects before they turn into
potholes. It combines advances in understanding how road materials degrade, RAS that equips
drones with sensors to detect cracks and@8idters to repair them, integrating materials
science, vision systems, signal processing, mechatronics and other disciplines. UCL developed
the 3D asphalt printing nozzle; Birmingham University developed tests to validate the methods;
Leeds University deloped the UAV platform. We have reseaacil economic models that
LINRY23GS O2yldAydz2zdza YIFAYUuSylryoOS 2@SN) WodzA f R
include not only the capital cost/benefit analysis for robots, but also impacts on: employment
and sKis for workers; the environment through fewer road closures; and reduced vehicle
damage claims.

More information and references can be found at our webbites://selfrepairingcities.com/
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Fundamental Aspects and Modelling of-8elling Construction Materials
Erik Schlangen

Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, The Netherlands

Abstract

Selthealing concrete van be implemented by usiagous techniques. It is discussed when
these different techniques are useful to solve certain problems that occur in concrete or
concrete structures over the lfgme. Practical applications where these techniques can be
beneficial are given. Furthernethe challenges that remain in developing the-setling
agents, methods and techniques are listed and ways of using models to support the
development are indicated.

Introduction

Applying sethealing concrete is only useful in case thelse#fing mehod or agent is proven

to be reliable, cost effective, durable and sustainable. Actually the performance of the
structure with implemented seliealing should be better than structures for which traditional
solution as various repair techniques are usta. better performance and especially the
reliability also in the long term is not yet obtained by usingheglfing than the introduction

and acceptance in practice will be difficult. Important aspect when considerifueatifg
techniques are the typef damage and the moment of occurrence of damage that the self
healing technique should solve or repair. These determine the working principle that the self
healing agent should have, which could be for instance mechanical repair, sealing of a crack or
changing locally the relative humidity or chemical composition. When developiigealiiig
agents the use of modelling tools can be of great help since they can confirm a certain
mechanism, reduce the number of experiments needed, help to make certagestor
particular healing agents or support the design.

Damage mechanisms
The different reasons for implementing dedfaling can be categorised as shown below. For
each category possible applications and challenges where modelling [1] can help are given.

Mechanics
Mechanical repair of cracks can be very beneficial for early age cracks which often occur in
massive concrete structures. First of all there is plenty of unhydrated cement left that can bring
autonomous healing. Modelling [2] on different sealtan be applied to determine for
instance:
- The crack opening for which healing can take place or for which reaction products can
bridge the gap.
- The amount of strength and stiffness that is gained when the crack is (partially) filled
with reaction product
- The amount of unhydrated cement left and the amount of water needed for the
hydration when the crack is formed.
- The environment or circumstances for which healing can occur.
Mechanical repair of concrete can also be useful for cracks in old concrataghltmost
structures in practice are reinforced and as a result they have to crack. For these cracks there
is usually no need for mechanical repair. Cracks at the surface of a structure (roads, industrial
floors) could lead to further damage and detertama due to for instance abrasion or
mechanisms as freezbaw. Also damage in repair patches on structures will benefit from
mechanical repair. Finally, strengthened or hybrid structures made from UHPFRC or SHCC
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could benefit from mechanical repair of tlsenall cracks which usually develop in these
materials. The modelling techniques are similar as given above for early age cracks. Other
techniques that can be applied to get mechanical healing are the use of tubes, capsules or
vascular filled with glue @poxy or used as transport medium for these agents. Additional
challenges for modelling are:
- The stiffness, strength and filling degree of the hardened epoxy or glue and how much
that improves the strength of the material or structure.
- The stiffness and ngth of the container and the influence of that on the fracture
behaviour [3]
- How does the healing agent penetrate the crack?
- What should be the location and distribution of the tubes, capsules or vascular.
- What is the shelf life of the healing agentttisaused inside the containers.

Leakage or ingress
Filling cracks to stop leakage of stopping the ingress of water and chloride (or other ions) for
durability reasons is the most common application fortsedfling. The methods described for
mechanical healing would also work here. But in addition Super Absorbent Polymers (SAP),
either encapsulated or not can be used to seal cracks. Healing agents containing bacteria are
used to precipitate calcium carbonate. Or various kinds of crystalintades are available
to precipitate products in cracks that (partially) close them. Usually these methods do not
provide enough mechanical strength to realise also mechanical recovery.
The modelling challenges are:
- The filling rate of the cracks, the exyion of that SAP [4] or the amount of reaction
product that is formed
- The influence of the cracks width and the amount of healing agent required to fill the
crack
- The size, distribution and properties of the healing agent.
- The influence of the environmer{H, T, pH) on the functionality of the healing agent.

Durability issues
There are several other durability related problems in concrete for whichesdihg could
give a cure. As examples could be given carrion of reinforcement, damage due tthireeze
and salt crystallisation in pores and cracks. However there might be much more durability
issues where selfealing could be beneficial. Challenges for modelling in these cases are:
- Modelling of carbonation and chloride ingress process that leadb&w corrosion.
- Simulation of oxygen consumption (due to bacterial activity) which could reduce rebar
corrosion.
- Simulation of corrosion process, expansion mechanism of rebar and consequent
damage of concrete.
- Modelling the fibre of rebar interfacial zoaed pullout behaviour before and after
healing of the ITZ.
- Distribution and functionality of inhibitors against corrosion or salt crystallisation
- Simulation of distribution and effect of (encapsulated) PCM eviNRA for stopping or
delaying freez¢haw danage [5].

Discussion and Conclusions
Possible application of sdiéaling in concrete materials and structures is discussed. This
overview is far from complete but gives direction of healing methods and agents and how
modelling can assist in the developmef these techniques. Several challenges for the
modelling community are listed.

11
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The combination of laboratory work, modelling and field applications is needed to make steps
forward in the development of sdiealing for concrete. Only then reliable medls can be
realised. This is most important to get them accepted and applied in practice.
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Robotically deployed sedbnsing cements

Marcus Perry, Jack McAlorum, Christos Vlachakis, Lorena Biondi

Department of Civind Environnental Engineering, University of Strathclyde, Glasgow, G1 1XJ, UK

Abstract

Seltsensing cements offer a unique opportunity to unify our approaches to the monitoring
and maintenance of concrete assets. Here, we present our latest progress in the maimgfactur
and robotic deployment of sediensing cement repairs, based on al&ativated fly ash and
metakaolin materials. We will outline our processes for 3D printing and-apa#iyig these
materials using a saxis robot, and provide highlights of reswatsnechanical and adhesion
testing, and sensor responses to strain, cracking, temperature and moisture. We will also
outline some of the results from active industry projects we have in the nuclear and transport
sectors. Unifying concrete monitoring anaintenance is of key national importance to the
UK, Europe and US, who now face an ageing population of reinforced concrete bridges, tunnels
and support structures.

Introduction

Asset managers worldwide are struggling to optimise the maintenatioeirogrowing, ageing
population of concrete structures. Smart materials may in time help to address this challenge,
imbuing structures with unique capabilities like-setiitoring, seldiagnosis and selfealing.

The troubled history of conventional s&ms in construction, however, suggests that new
materials are probably only part of the solution. Electronic and-fiptie sensors, for
example, have now been around for decades. These are mature, affordable sensor
technologies that offer clear benefifisr structural health monitoring and yet their use in
construction is still uncommon. This is partly because of two practical challenges associated
with technology deployment:

- Cost and riskTechnology installation campaigns pose significant labous, adistuption
and risks to productivity. These factors can suppress industry willingness to use new
technology. This is especially true when there is a broken value chain: i.e. when the value
added by a new technology is not directly seen by the firm dbong its installation or
management risks.

- In-field technical performancéhe realworld performance of monitoring and maintenance
technologies is usually limited by errors and variations in the quality of human
workmanship, rather than limitations ing technologies themselves.

There is no reason to believe that smart materials will be immune to these factors. As such,
our group have been investigating robotic deployment methods for theaond off site
installation of selensing materials. In innating the deployment process with automation,

we seek to eliminate the risks and errors associated with manual installation. We hope that
this will pave the way for more frequent industry uptake of smart materials in general.

The work outlined here demomates how automated 3D printing and robotic spray coating

approaches can be used to deploy -selfising cementitious repair materials onto concrete

&ddzo ad NIF O SESpy BAKYST @SSy 1a¢ RSAONAOSR Ay UGKAA

referred to as &aliractivated materials [1]. Geopolymers are a class of cementious binders

that exhibit similar thermal and mechanical properties to ordinary Portland cement. They

adhere strongly to concrete substrates, are chemically stable, and due to the preseree of f

ions in their matrix, exhibit electrical conductivities in the rangé 3@&m to 16 S/cm,

depending on mix design [2, 3]. In previous work, this enhanced ionic conductivity has been
exploited to produce selensing cementitious materials for corteremonitoring and
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maintenance applications [41]. The remainder of this paper provides an overview of our
approach to material fabrication, automated deployment, and sensor interrogation. We finally
outline how our automated approach can be used to asklthe challenges faced by our
industry collaborators in the @hdgas and nuclear sectors.

Materials and methods

Metakaolin geopolymer fabrication

In this work, geopolymers were produced by combining a metakaolin precursor with an alkaline
activator. Metakaolin was formulated through the calcination of kaolin (china clay) at
temperatures of 55@ 850°C [12,13]. We have opted to use metakaolin, rather than fly ash or
blastfurnace slag, to produce our geopolymers, as it tends to be quitgpaitionally
consistent and reactive [14], and has a track record of producing suitable concrete repairs [15].
The alkaline activator was made by combining sodium silicat® (N&.5%, SiG- 27.8%,
H0=63.7%) and 10 M sodium hydroxide solutions. Thesmmatio of sodium silicate to
sodium hydroxide was 2. To reduce shrinkage of our geopolymer coatings after deposition on
the concrete substrate [16], 0.5 wt% PVA fibres (3 mm length) were added to the dry
metakaolin precursor prior to mixing. The metakag@recursor was then mixed with the
activator for 5 minutes until homogenous. For spray coating applications, we used a very low
solid/liquid ratio of 0.65, while for 3D printing we use a solid/liquid ratio of 0.9 to allow the
geopolymer to maintain shagsability.

Sensing principle
Due to the alkaline solution in their pores, geopolymers are solid electrolytic conductors which
exhibit a reasonably high electrical conductivity [2,3]. They have therefore been employed in
multiple selfsensing applications for strain and temperaturégofree from conductive filler
additives [411]. In general, sensing schemes seek to measure changes in the electrical
impedance of geopolymer substrates. A sinusoidal voltage of maghiautte frequency, is
applied to a cured sample and its currergpense] is measured. Impedance is then calculated
via [17]:

® -Q » Q @)

% KS N& s the phase difference between the applied ac voltage and measured current.
Impedance is a complealue defined by an impedance magnitudegdZand argument arg(2).

In the work presented in this paper, we simply consider the sensing response to be defined by
the fractional change innds in response to the measurand of interest: strain, temperature or
moisture. For sensing, high frequency {fkHz) excitation is usually preferred over low
frequency and dc, as it prevents electrolysis (in our case, the net migration of conduttive Na
ions towards the cathode). Our sensing schemes also typically employpadioerVan der

Pauw sensing method to reduce the probability of cracking, and the spurious effects of lead
and contact resistances [18,19].

Automated deployment

3D printing or smy coating a geopolymer begins with the use of a screw cavity extruder. The
use of this dispensing method ensures precise and repeatabitolewate deposition of the
geopolymer, almost independently of viscosity. For 3D printing, the extruder isafitted
nozzle of size 18G (0.84m), and mounted to the-x gantry axis of a 3D printer or the tool
end of a shaxis robot. A picture of the setup in a 3D printer is presentdeigarela. A
cartridge, fit with an air supply pressure of 1 bar, ensures material flow into the screw cavity
regardless of sprayer orientation, or whether the material islee#ling.
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For spraycoating, a similar principkgpplies, but the screw cavity extruder is followed by an
atomiser. Figure 1b shows the attachment of the spray dispenser to the robot tool head. In the
NREo2G &aSitdzLll 'y AYFNINBR aSyaz2zNJ Aa O2yySoas
between the &trusion nozzle and concrete substrate.

,(.
e =

e .\
* Proximity
sensor

Figurel: a) 3D printing setup showing the dispensing unit, and pressurised feed cartridge. b)
spray coating setup mounted to the end of assiis robotic arm.

Results andiscussion

Mechanical properties

Typical photographs of 3D printed and spraegted patches with embedded wires and
electrodes are shown in Figures 2a and 2b respectively. Ttay28mpressive strengths of
both mixes was bulk tested separately and fotmbe >20 MPa. This is adequate for a repair
material (according to BS EN 1504:1999), but slightly lower than a typical geopolymer mix:
likely due to the high water contents required to produce extrudable / sprayable mixes [20]
The average bond strength between the printed / spray coated patches and the concrete
substate was tested using a standard mffiadhesion test, and was found to be 0.5 MPa. The
failure type in all geopolymer overlays was adhesion failure (failure at the interface between
the substrate and the repair).

b)

Figure 2: Examples of a) piinted and b) spray coated metakaolin geopolymer patched on
concrete substrates, with electrode wires and plates at the corners of the patch.
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Sensing properties

Figure 3 plots example responses of sensors to temperature and moisture (characterged usin

an environmental chamber, as outlined in detail in [11]). The strain response, shown in Figure

4, was found by testing a patch adhered to a 1®0 side concrete cube under compressive

load. he relationship between fractional shifts imoZ and temperatwe / moisture is
exponential, while the response to strain is linear, at least for low levels of strain when the
concrete substrate itself behaves approximately linearly. Further details may be found in [11,

21]. Typical sensor precisions for our geopolgaee 0.1°C, 0.1 wt% anddImn  x ¥ & | & gaA
any sensing scheme. separation of variables could be achieved with nearby temperature and

moisture reference sensors for compensation.

a) b)
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Dryness, 1/wt% Temperature, °C

Figure 3: Example sensor response of geopolymersteng)erature and moisture and b)
low levels of applied strain.

Applications

Our active projects are currently looking at the deployment challenges faced in three

environments:

1. Nuclear storage facilities (for moisture and chloride monitorieye the abity to remotely
deploy monitoring technologies in harsh environments could improve health and safety.

2. Oil and gas concrete assets (for crack monitoring)the case, the remote deployment
offered by robotics represents clear cost and safety benefitsofdrnzious monitoring of
active and decommissioned assets in the North Sea.

3. During precast concrete component manufacturimpe use of repeatable, robotic
processes synchronises well with the manufacturing environment of a precast concrete
factory. Automated deployment of smart materials in this setting is less challenging than
FASEtR RSLX2eYSyids FYyR AlG O2dzZ R AYLINRGS f
performance.

While the cost or safety benefits of remotely deploying smart materials is alreadyotle

future work will be looking to quantify the relative benefits of automated deployment in terms

of technical sensing performance and repeatability, especially when compared with manual

deployment.
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Conclusion

This paper has outlined somecent highlights in our ongoing projects which seek to
demonstrate the viability of robotically deploying sa&hsing cements for monitoring strain,
temperature and moisture in concrete. The affordability of our sensing techniques are on par
with direct measurements of concrete impedance, but the higher electrical conductivity of
geopolymers could allow for monitoring over a broader range of measurands, and over larger
areas. The techniques outlined could be used to remotely or automatically deplonatieér
materials in the field or in manufacturing environments.
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A comparison of soft and hard PZT for damage detection in cement mortars
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Abstract

Lead zirconium titanate (PZT) have recently emerged asdsiwnaterials for nodestructive
monitoring for civil structures. Different types of PZT materials with different properties are
already commercially availab Depending on the dopant type used, soft PZTs and hard PZTs
are the main two types of PZT materials. Most of the available studies which addressed the
viability of PZT transducers in detecting damage in civil structures, have studied only the
response bsoft PZT transducers to damage. This is even though many studies have shown that
the hard PZT transducers are less influenced by temperature fluctuations, which potentially
makes the latter more electromechanically stable when used in real environnmesfiti@aos.

To this end, this study compared experimentally the effect of damage on the
electromechanical response of both soft and hard PZT transducers, in order to assess the
sensitivity of each type to localized damage. Mortar beam was used as a hwsthgad
element, and the electromechanical response of the two PZT types were compared through
different damage stages. The damage effect on the electromechanical response was studied
by comparing the electrical admittance response, the resonance freguesponse and the

root mean square deviation before and after imposing damage. This study is expected to
highlight the differences between the soft and the hard PZT materials in the scope of structural
health monitoring, which will help in the selectimmocess for the most efficient PZT type in
future damage detection applications.

Introduction

5 YI3S RSGSOGA2yQa aSyaz2zNaR Ay OAGAft &0 NXzOG dzn
to detect damages at early stages. Intervention during the eamade stages is often more
feasible and more economically efficient. Nowadays and particularly in cementitious civil
structures, researchers are exploring the capability of autonomoubesdihg techniques to

restore functionality and providing a methddgy for cracks closure in cementitious members.
Shape memory polymers [1], and the addition of bacterial spores during the casting process
[2], both showed good results mitigating against cracks by either closing them mechanically or
filling the crack byrecipitated calcium carbonate, respectively. However, to achieve the goal

of a fully automated seliealing cementitious structural system, the damage initiation and the
extent to which the healing process is applied needs to be controlled. This reoptines
damage detection and quantification to initiate and end the healing process at the appropriate
stage of each damage and healing cycle.

Throughout the last three decades, piezoelectric ceramics, particularly lead zirconate titanate
(PZT), have attraalemany researchers due to their ability to reflect changes which take place
Ay K2aGAy3 YFGSNRAFfAQ LINRPLISNIASasS FyR Ada NB
detection in the electromechanical mode. Ranging from damage sensing [3], repairing
detection [4], strength development [5], chloride and carbonation induced corrosion [6, 7], all
these scenarios were used to validate PZTs electromechanical sensitivity to the changes in the
properties of cementitious materials when they are used in thetrelmechanical mode.

Depending on the doping agent used to modify the chemical composition of the PZT ceramic,
soft PZTs, in which donor doping agent is used, and hard PZTs, in which acceptor doping agent
is used, can be produced. These two types of BXAibit significant differences in their
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piezoelectric properties [8].

Studying the effect of different PZT types on damage sensing capabilitiesirucivtes, can

pave the way for a future tailoring for an optimum PZT ceramic which has the required sensing
ability as well as the required properties to withstand the challenging working conditions
especially temperature variations. To this end, thiseparesents studies of different PZTs

types, mainly hard and soft, for their ability to sense damage in cementitious mortar, and to
highlight the difference in the sensing ability for each type.

Materials and methods

In this study, a 500x100x100 mm motb@am was used as a hosting sample for three different
types of PZTs transducers, two soft types of PZT, which were denotednas$ and one

hard type of PZT denoted as H, Jablel.

The mix design used, and the methodology of attaching the sensors to the surface of the
hosting sample are described elsewhere [4]. The thickness of the PZT transducers was 2 mm,
and their diameters were 13 mm fot, 30 mm for both the Sand the H PZTs. The damage

was simulated by drilling a series of 4 mm diameter holes of depth 5 mm in a line, starting from
the beam end and approaching the centre of the beam where the PZTs were located. The
spacing between eaclorsecutive hole was 20 mm and a total of 14 holes were drilled on the
surface of the beam. The electromechanical response of the three PZTs before and post
damage was used as a mean to assess the damage extent in the hosting material, this was done
by colecting the electrical admittance signature for each PZT before and after each hole was
drilled by a Newton4th PSM 3750 frequency analyser, interfaced with an impedance analyser.
To quantify the damage effect on the sample, both the admittance signaturéhandot

mean square deviation (RMSD) [6] were used for this purpose. The frequency range used to
collect the admittance signature was 15 k850 kHz.

Results and discussion

PZT type effect on the admittance signature

Figure2 shows the admittance signature for the three different PZT transducers attached to
the sample before damage application. It is evident thaSQHRZT transducer showed higher
admittance amplitudes, this was clear when comparing the highest resonance peak for this
particular PZT type with the other PZT types.

Tablel. Specifications of PZT transducers

SOFT HARD
Property S S H
Electric Permittivity, /- 4200 1750 1200
Piezoelectric Strain Coefficieft, (10-12 C/N) -600 -180 -120
Piezoelectric Strain Coefficie, (1012 C/N) 600 400 265
5ASt SOGUNRO [ 25584 CI Ol 30 20 3
Mechanical quality factor () 50 80 2000

The resonance peaks for thet8ok place within the frequency range of 1@00 kHz and
recorded a value of 2.9 x 2®. On the other hand, both the &d the H PZT transducers
recorded lower values of 1.85 x38 and 0.87 x 18 respectively for their highest resonance
peaks. It was also evident fraagure2 that the frequency ranges in which the resonance
peaks for each PZT transducer took place, were dependent on the PZT type, as the maximum
resonance peak for the two soft PZTs, denotedieentl £2in figure 1, took place at lower
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frequency ranges wherompared with the hard PZT, denoted asWithin the same context,
the resonance frequency for the BZT, took place at a lower frequency in comparison to the
S.
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Figure2. Admittancesignatures for the three different PZTs

From the results it can be suggested that the higher admittance signature, and the lower
resonance frequency ranges observed for the soft PZT transducers, means that these
transducersare more dynamically fixable. Therefore, they are much easier to deform and to
resonate at lower frequencies [9]. The higher electrical admittance values for the soft PZTs,
suggests the higher voltage produced which is attributed to the enhanced deftiiynaben
compared to the hard PZTs. The differences in the resonance frequencies between the soft
and the hard PZTs should be considered when designing an automated damage sensing
system, as the frequency range over which the admittance signature isveettschanges

which take place in the hosting material, is expected to change according to the PZT type used.

PZT type effect on damage sensing

Figure3 (a), (b) and (c) show the admittance signature in the frequency range of §5/kHz

kHz for the different PZTs before and after drilling the 14 holes on the surface of the beam.
Noticeable dferences in the admittance signature were observed between the pristine stage
and the damaged stage signatures. In order to be able to quantify the changes in the
admittance signature hence the effect of damage, the root mean square deviation statistical
metric (RMSD) was usdtigure3 (a’), (b") and (c’) show the RMSD after each hole was drilled
into the sample. The frequency range which demonstratedhighest sensitivity to damage

for each PZT transducer, was used to calculate the RMSD. These wid &8z for both:S

and S, transducers and 165215 kHz for the H transducer. Results demonstrate that the three
different PZT transducers were cafgbf sensing the holes being drilled as they approached
the PZT location. A difference in the damage sensitivity was observed between the three
transducers, as the RMSD values for both ihen8 the $PZTs showed an increase in their
values immediatelgfter hole 4 as indicated by the red line in figure 2 (a") and (b’). This shows
that the Sand the SPZTs were able to detect the damage at a 12 cm distance away from their
position. In comparison, the H PZT exhibited an increase in the RMSD aftenrhbés i

which was 6 cm away from its location.

A comparison of the RMSD values obtained from the different PZTs types revealed that the
highest value was 2.870%. for thePZT. On the other hand, the&hd the H PZTs recoded
values of 2.38 and 2.06% respectively. This shows that for these selected frequency ranges,
the S admittance signature was affected by damage to a greater extent than émel $re H

PZTs admittance signatures.
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Figure3. Admittance signature at the resonance peak before and after damage for (a)
(b) S2 PZT and (c) for H PZT, and the corresponding RMSD% for (a”) S1 PZT (b") Sz
H PZT.

The higher sensitivity of ther 8ZT transducer admittance signature to damage was also
confirmed by comparing the values of the averaged/ normalised RMSD for each PZTs
transducer. The averaged/ normalised RMSD was calculated by normalising the RMSD of each
hole by the RMSD of hole numithethen taking the average of the RMSDs over the 14 holes.
This was done for seven different frequency intervals, and the results are as shown in Figure 3.
The averaged and normalised RMSD values were used to minimize errors attributed to the
bonding agenon the admittance signature, hence making it possible to compare the 3
different PZTs.

From Figure 3, it is noteworthy that the averaged normalised RMSD for the S1, except in the
frequency ranges of 1565 kHz and 166215 kHz showed the highest valugsen compared

with the other PZT transducers. In addition, and at higher frequency ranges, i.e.: 115 kHz to
350 kHz, thes%howed higher values than the H PZT.

This indicates that when accounting for the initial conditions which are expected to bendiffer

for each PZTs due to the random bonding process, and the local heterogeneity on the surface
of the hosting material, the soft PZTs admittance signature showed more influence by the
effect of damage than the hard PZT, despite the fact that both theiomext PZT types have

been shown to be sensitive to the damage scenario used in this study.
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Figure4. Averaged and normalised RMSD% for the 3 different PZTs through different
frequency intervals

Conclusions
Three different PZTs transducers were studied to assess their performance on damage
detection in cementitious materials. From this study the following conclusions can be drawn:

Both the amplitude of the admittance signature and the operating frequency showed a
close dependency with the PZT type. The hard PZT operated over a higher frequency range
and lower admittance amplitudes, whilst the soft PZTs showed a lower operating frequency
and higher admittance amplitudes. It is important to carefully consider thefyp£T used

when designing automated seknsing systems as the frequency range which is sensitive

to damage is clearly dependent on the type of PZT employed.

The hard and soft PZTs used in this study were all capable of sensing the damage as it
approacted the PZT location. The sensing distance of the hard PZT (6cm) was lower than
that of the two soft PZTs (12cm).

The averaged normalised RMSD values showed higher values for the soft PZTs in
comparison to the hard one, which indicates that #umittance signatures for the soft

PZTs were more affected by damage than the hard PZT admittance signature.

Future work

Considering the sensing ability to damage which was assessed in this study, and the end
working environmental conditions, these twatias would affect the selection of a suitable

PZT type for damage sensing applications. Therefore, as a future work, the effect of different
environmental conditions on the electromechanical response of these different PZTs types
will be evaluated.

More damage scenarios should be studied to accurately establishing the sensitivity distance
range of each PZT type, as different damage scenarios might have an influence on the
sensitivity range.
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Abstract

Cracking and degradation of civil structures are driving demand for the development of self
sensing technologies which can detect dameftgctively. Here we evaluate an alternative to
traditional strain sensors which relies on piezoresistive films to map strain on the millimetre
scale within concrete. We used grapiptaydimethylsiloxane composites to achieve high
strain sensitivity andcalable devices while comparable strain sensors conventionally used to
warn of structural weaknesses are large and costly. Our sensors were embedded in
cementitious materials and their ability to sense eathge changes in strain attributed to
microcraking was evaluated. The simple sensor design and manufacturing process make our
sensors industrially scalable and economical. The very high strain sensitivity (gauge factor of
65 for strains under 0.6%) of the composite was observed and attributed tduquan
tunnelling within its percolation network.

The piezoresistive response of our sensors could be calibrated using a universal analytical
formuladepending on three material parameters; the potential barrier height, creep time and
residual creep factor. rBliminary experiments indicate an optimized sensitivity for the
composite strain sensors for loading frequencies of up to 1 Hz, and thus approaching bridges
fundamental frequencies. Cylindrical smart aggregates 25 mm in diameter and 15 mm in height
consising of composite strain sensors embedded in rapid setting cementitious materials and
epoxy that provide good compatibility with concrete have been fabricated and evaluated in
the laboratory. Their implementation into large scale concrete specimendomitiair ability

to detect and evaluate changes in strain attributed to cracking to be investigated.

Introduction

Cracking, corrosion and degradation of civil structures are driving demand for the development
of nondestructive evaluation methods [1,&]d intrinsic selhealing strategies {3]. Intrinsic
selthealing includes autogenous and -baétated techniques which encompass smart
functionalities such as sedénsing and se#djusting [5]. Studies have highlighted several self
healing agents ama@nwhich are a U¢urable resin [3] stored in unit cells embedded in the
structure and concretéealing fungi [4] using calcium carbonate precipitation-seel§ing is
achievable through the embedment of high sensitivity sensors networks with a rapidsespo
time mimicking the human touch. The potential of a strain sensing gragilictane composite

for the making of such a network has been previously evidenced through the interrogation of
an array of 64 x 64 graphisglicone composite strain sensorsaatate of 8 images per second

with pressure resolution down to 50 Pa [6]. The pressure at each pixel was inferred from the
guastinstantaneous resistance spikes using a universal analytical formula that predicts the
dynamic conductivity of the graphisgicone composite with only three material parameters

[6]. This formula originates from a tunnellpgrcolation network model according to which
resistance recovery occurs through a double exponential decay and the piezoresistance is
symmetrical with respedao strain reversal [6, 7].
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Here we evaluate the potential of graphgificone composite strain sensors to map strain
within cementitious materials as an alternative to the large [8] and costly [8, 9] strain sensors
conventionally used to detect strucalrchanges.

Materials and methods
The graphitesilicone composite we used consists of highly oriented pyrolytic graphite
nanoparticles 450 nm in diameter randomly dispersed in an insulating silicone matrix that is
composed of a mixture of polydimethylsiloxane rubber and a catalyst. We chose a filling
fraction of 25% such that the strain sensitivity would be maximised while allowing a reliable
operation away from the percolation threshold (24%). Figures la and 1b show the design and
a photoof a sixcontact graphitesilicone composite strain sensor we fabricated, respectively.
The composite geometry was either in a six or a five contaeb&tashape on a thin printed
circuit board. We selected Halhr shapes to allow four terminal measumthand, in the case
of the fivecontact Halbar shape (L shape), also study simultaneously both strain components
in the plane of thedshaped fivecontact sensor. Both scontact (Figures 1a and 1b) and five
contact kshaped composite sensors were 1fm 10 mm squares. The simple manufacturing
process of these composite sensors allows size scalability (we have also successfully
manufactured 3 mm x 3 mm twterminal composite sensors), industrial scalability and low
cost (their production only costs e pence).
We tested our graphitsilicone composite strain sensors in three different testing geometries.
Cylindrical blocks 39 mm in diameter and 60 mm in height, illustrated in Figures 1c and 1d,
were prepared by embedding a-sientact composite straisensor (Figures 1a and 1b) in a
Portland cement mortar mix with very fine aggregates. Testing was also carried out with single
L-shaped fivecontact composite sensors mounted in columns of very fine sand (play sand)
restrained by a steel tube of interndibmeter 69 mm and height 140 mm. Cylindrical smart
aggregates 25 mm in diameter and 14 mm in height each consistinegsbbpéed fivecontact
composite strain sensor embedded either in rapid setting cementitious materials (calcium
aluminate mortar) or aacrete repair epoxy that provided good mechanical compatibility with
concrete were also fabricated and evaluated in our laboratory. All the tests were carried out
using a universal testing machine (Figure 1d) simultaneously monitoring both the streks
0 KS I @S Nl Adliedal tNd tdp yf edch specimen subjected to uniaxial compression
loading. During these tests, a d.c. voltage was applied to the embedded composite sensor
placed in series with a resistor. The voltages of the resistorhendnibedded sensor were
monitored with a sampling frequency of 100 Hz using a data acquisition card manufactured by
National Instruments. While probing either voltage V1 or voltage V2 is sufficient when using
sixcontact composite sensors since both vadmgrovide same value (Figure 1a), monitoring
these two voltages whendhaped fivecontact composite sensors are being employed is of
the essence. In the case of theshaped fivecontact composite sensors, voltages V1 and V2
are indeed perpendicular, aling the study of both strain components in the plane of the
sensor.
2S 3dzoaSlidsSSyidte OFft Odz I 0 SR Jvues oNtRefsénsoAf@s OK I y
the voltage measurements. Since the strain magnitudes in the monotonic uniaxial compression
loading tests we have carried out remained in thel® % range, the tunnelliqaercolation
network model developed for bent substrates [6, 7] remained valid for the monotonic uniaxial
compression loading tests. We thus used the associated universaicah&ymula [6], which
depends solely on the potential barrier height, creep time and residual creep factor of the
O2YLRaAGSE G2 O02YLMziS (KS degesdantdon ir@im) of th© £ A 6 N
piezoresistive composite film. Since the piez@tance of the graphisilicone composite
responds to changes in strain on the scale of the sensor, the strain involved in the theoretical
OFf AN GA2Y OdzhIANe thénzused thi§ calidrhatibn cérie hal-eitrdcE theslocal
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a U N froim the measured relative change in resistance of the composite. Examples of the
NEBadz GAy3a RSLISYRSH¥XDS REFS (KBS Hhite AiStetanENINI2A v &

Figure 1aDesign of the graphitsilicone composite sensors containingcntact pads. In
black, the graphitailicone composite. In gold colour, the layer of gold covering the
composite and the copper contacts. In green, insulating epoxy resin of the printed circuit
board. In grey, the wires soldered to the copper padsvdhiage of the graphitsilicone
composite can be obtained by probing either voltage V1 or voltageRtto of a graphite
silicone composite sensor whose design is illustratadd®hoto of the cross section of a
Portland cement mortar block with aaghite-silicone composite sensor embedded
midheight taken after being subjected to monotonic uniaxial compression loading. The
irregularities of the side edges result from damage occurring during ted@ulematic of
the uniaxial compression loadingeoPortland cement mortar block with embedded
composite sensor. The red arrows indicate the compressive forces applied. The number units
in all the scale bars are in millimetres.

Results and discussion

¢t KS RSLISYRSYyOSa 2y @KS t &Gkt RditiNdd seyhent
mortar specimens subjected to monotonic uniaxial compression loading (Figure 2) have a high
RSANBS 27T f{ A yWSdmbidisbhaow &126, thaRis/t@say aé long as the deformation

is elasticreversible) as can be inferred from the strsgin curves (inset of Figure 2) of the

two specimens. A high degree of linearity during elastic deformation resulting from monotonic
uniaxial compression loading has also been found in our calcium alumordée specimens.
Although one would expect the local strain to be approximately equal to the average strain
during these loading tests, this was only observed for specimen 1 (Figure 2). In order for the
embedded composite sensor of specimen 2 to provabeii@ate quantitative strain reading, a

prior experimental calibration is then necessary. The need for an experimental calibration to
provide accurate quantitative strain reading has also been found for our calcium aluminate
mortar specimensThis is validad by the piezoresistances of the two composite sensors
embedded in different sand columns (Figures 3a and 3b) having very similar dependences on
the average strain and by the piezoresistances sampled by the two voltage probes V1 and V2
(Figure 3) beinglmost superimposed on each other for both sand columns even though the
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voltage probes V1 and V2 are at an angle of 90 degrees of each other, which is consistent with
hydrostatic transmission of strain within a fHilde environment.

— Specimen 1
— Specimen 2
11 0 05 1 15
Eavg (%)

— Specimen 1
— Specimen 2

Eavg (%)

Figure 2. Monotomi uniaxial compression loading of two Portland cement mortar block
ALISOAYSYyad ¢.KB) eltamaied by edchi édibedgedsintact composite
aSyaz2zNl gl a O2YLI NBR 4i®0) doteiSed Yom@heRraiOgaugh ad & G NI
the universatesting machine. Inset shows the straessin curve of each specimen subjected
to the monotonic uniaxial compression loading.

5dzZNRA Yy 3 St | aiadkeloR-S%RR Kiikslwara @servedin the local strain signals of
both Portland cement mortar specimens (Figure 2); they were most prominent for specimen
1. This suggests that the graphs#iicone composite sensors detect eatgige damage, in
particular micro-cracking, in the Portland cement mortar. Similar kinks have also been found
in the local strain signals of our calcium aluminate mortar specimens subjected to similar
loading tests. In contrast, the piezoresistances of the two composite sensorsdzaiided

in a very fine sand column, which was subjected to the same monotonic uniaxial compression
loading, monotonically and very smoothly decreased during loading (Figure 3). This is
consistent with both hydrostatic transmission of strain and the -fikéd nature of this
environment, which is not expected to induce micracking.

N b
) —V1 0 —i

g | ---V2 g\ o V2
& -50 & -50} ‘
e 2

100 .Specimen 1 o /Specimen2

100 e e 100 e —

€avg (%) i (%)

C A 3 dzNJo (%) for tiewnenetonic uniaxial compression loading of two specimens
consisting in very fine sand columns each with an embeddbdped fivecontact
compos 1 S & $10a éiddporyds to the macroscopic strain obtained from the strain
gauge of the universal testing machine. V1 and V2 correspond to the voltage probes of the L
shaped composite, which are at an angle of 90 degrees from each other, atloavitgdy
of both strain components in the plane of the composite sensor.
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These findings demonstrate that the composite sensors detect 4triaoking in at least two
materials: the Portland cement mortar and the calcium aluminate mortar.

The local straisignals of the two Portland cement mortar specimens share the same overall
dependence on the average strain (Figure 2). The same observation was made for our calcium
aluminate mortar specimens. This suggests that the grapiitene composite strain sgors

are reliable.

This is validated by the piezoresistances of the two composite sensors embedded in different
sand columns (Figures 3a and 3b) having very similar dependences on the average strain and
by the piezoresistances sampled by the two voltagbgs V1 and V2 (Figure 3) being almost
superimposed on each other for both sand columns even though the voltage probes V1 and
V2 are at an angle of 90 degrees of each other, which is consistent with hydrostatic
transmission of strain within a fluitke environment.

For specimen 1 of Portland cement mortar, we estimated the gauge factor of the embedded
O2YLRAAGS aSyazzNJ I I . k0 dis2 2/F0n pg25dzil yR  MH2TNG
comprised between 0.45% and 0.6%. This indicates that geegilitbne composite strain
sensors have a very high strain sensitivity. Furthermore, preliminary experiments of a
composite sensor embedded in a concrete repair epoxy specimen subjected to a series of cyclic
uniaxial compression loadings at different logdfrequencies hinted at the strain sensitivity

of the composite sensors being optimised for loading frequencies up to about 1Hz. This
coincides with bridges fundamental frequencies [11].

Conclusions

Our results demonstrate thapiezoresistive graphitsilicone composite strain sensors
represent a potential alternative to strain sensors conventionally used to detect structural
changes that are large and costly. The piezoresistive properties of the gisltuiee
composites, wiuh allow the fabrication of economical highly strain sensitive and scalable
devices, are attributed to quantum tunnelling within their percolation networks. Our results
evidenced that the composite sensors are reliablesingasive, could be massivelytdizuted

within civil structures and detect the onset of micracking.An implementation of rapid
setting cementitious or epoxy smart aggregates with embedded grapltiene composite
sensors into large scale concrete specimens could allow the abilitgse sensors to detect
and evaluate changes in strain attributed to cracking to be investigated.
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Abstract

The significance of developing smart materials and infrastructures, in order to monitor facility
serviceability and issue eanarnings on damage or deterioration prior to costly repair or even
catastrophic collapse, has been widely recognized by researchers and engineers worldwide.
Developing smart infrastructures poses technological challenges at different levels, one of
which s to select proper sensors with high sensitivity to reflect the inner changes of structures.
In this paper, an innovative ssknsing composite, which is fabricated by adding spiky
spherical nickel powders as functional fillers into silicone rubber, d&rs developed into
sensors for various scenarios of traffic detection and structural health monitoring. The
proposed composite is based on quantum tunnelling effect referring to the phenomenon that
electrons can jump from metal surface to form conductiath gven without direct physical
contact between nickel particles. Test results show the composite ipadact insulator in
unstressed state and extremely sensitive to any kind of external force and deformation. When
embedded in road or integrated intabberbased structural components such as pier fender,
the composite endows the components with sadhsing property useful for monitoring
stress/strain condition, detecting traffic information, and predicting possible bridge collapse
after shipbridgecollision. Similarly, the use of graphene as a filler in polymers to form self
sensing fibres, is promising for applications in cementitious composite. The paper will present
details and results related to both systems and their potential applicatioredfiseasing
infrastructure.

Introduction

Modern cities are greatly dependent on their civil and marine infrastructure networks (e.g.,
highways, airports, bridges, tunnels and artificial islands) for @cabmic development.
However, once builtthese infrastructures are subjected to the coupling effect of
environmental corrosion, material deterioration, loading fatigue and natural disasters,
inevitably resulting in structural damage accumulation and resistance attenuation. As such, it
is essentiato implement reatime monitoring on these infrastructures to understand their
service status and evaluate potential risks before proper maintenance and demolition could
be carried out timely. It is in situations like these that the field of health ororgtof concrete
comes into its own. Structural health monitoring (SHM) refers to the process of measurement
of the operating and loading environment and the critical responses of a structure to track and
evaluate the symptoms of operational incidentspraalies, and/or deterioration or damage
indicators that may affect operation, serviceability, safety, and reliability. Developing an
accurate and prompt monitoring system poses technological challenges at different levels, of
which the most fundamental onis to select proper sensors to reflect the inner changes of
structures.

The selsensing property of a material is an ability to show detectable changes in response to
applied stress/strairor environmental changes.h&refore, self-sensing materials sucéis
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piezoresistive ceramics, magnetorheological fluid, optical fibres, shape memory alloys and
carbon fibres, have been heavily investigated and fabricated into sensors for SHM. As novel
seltsensing materials, quantum tunnelling composites (QTCs) are ingcbighly attractive

largely due to their extremely sensitive and robust performance and low cost. QTCs usually
have an elastomeric rubber matrix filled with conductive ramanicro- particles, and were

firstly manufacturedby a British company Peratetid. in 1997 [1]. It iSs noteworthy that
different from conventional conductive seknsing materials that rely on the direct contact of
conductive fillers/particles to form conductive networks, the conductive partic@¥ @ are

always coated with a thfilm polymer when QTCs are deformed and transformed from perfect
insulator to metal like conductor [2]. This is because of tremabled quantum tunnelling effect,
meaning the electrons enriched atthe naads 1 S GA LA 2y YSGLF f neLJ NI A O
metal particle to the other, thus creating conduction path. Using this unique characteristic,
researches have successfully applied QTCs to many sensingnitéiding electronics,
aerospace, transportation, military, etc. [3,4].

In this paper, we pqmose a new type of sensor based on QTCs and investigate its performance
for applications to shipridge collision monitoring and traffic detection.

Materials and methods

The QTC manufactured in this study is a rubber poNmased composite filled with akel
particle. Two types of silicone rubber with different viscosities, Silicon T4 and Silicon 781, were
purchased from Dow Corning Corporation, USA (see Table 1). T4 type was used for collision
sensor while 781 type for traffic detectiosensor The spiky nickel powders (type 123)
provided by Inco Ltd, Canadwad an average diameter of 3.0~20r | Y Rsizg tips/ch

their surface that could amplify the local electrical field and quantum tunnelling €Ftale

2). A detailed manufacturing procedureassfollows: 1) use a commercial mixer to blend the
nickel powder and liquid silicone polymer at low speed for 20 min; 2) pour the mixture into the
moulds with Imm thickness, and degas in 0.1 MPa vacuum vessel for 10 min; 3) cure the
composite at 60C for 10 h; 49lemould. The weight ratio of nickel to silicone polymer was
selected as 3:1 for collision monitoring and 4:1 for traffic detection, according to reference [5].

Table 1. Typical characteristics of silicone rubber polymer.

Silicontype ~ Densty (g/cn?)  HardnesgA')  Ductility (%) \(/:;"F:f;.sé')ty
ki 0.96 40 400 70000
781 1.087 43 400 51000

Table 2. Typical characteristics of nickel particles.
Fishsuli A S@S & Density(g/cd) 9f SOGNR OF £ N Particle shape
3.07.0 8.9 6.84x10% Spiky spherica

To simulate shipridge collision in lab, a model test was designed by releasing steel balls to hit

the QTC sensors mounted on concrete block, as illustratadunel(a). For traffic detection,

sensors were designed as showfrigurel(b), then mounted on road for reine road test.

For each type of sensor, several same sensors were connected to data acquisition system as
shown inFigure2, and the voltage acrofise sensors was collected for analysis. The circuit had

I &adzlll) ¢ @g2f a1 3S 2F modp + FYR I NBFSNBYyOS NB
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Figure2 Circuit and data acquisition system.

Results and discussion

Figure3(a) displays the voltage changes corresponding to collisions of different impact stress.
When there is no collision, the voltage across the sensor is close to the voltage supply,
suggesting the sensor is a good insulator when not deformed. Once théoaliekits the
sensor, the sensors respond immediately, and the voltage across the sensor consistently
declines as the impact stress increases even over 50 MPa. According to finite element
modelling of shigbridge collision, the impact stress in bridge mpaaring collapse is normally
within 40 MPa [6], therefore the working range of fabricated sensor is large enough to monitor
the whole process of a collision. Also showrFigure 3(b), the response of QTC sensor
subjected to repeated impact loadings ipneduceable and stable, indicating the sensor is
capable of accurately monitoring a possibly second collision after the ship rebounds. The
proposed sensor has great potential for monitoring the significant parameters inlaisige
collision, such as dision occurrence, position, impact stress.

Figure4 shows the traffic detection results of QTC sensors mounted on a real road for around
300 s. The voltage curve shows a peak every single time a vehicle passes over the sensor. From
the curve, the vehicle number (25) and vehicle density (around 5/mirjecaasily counted

and calculated. The correctness of counting is 100%, which is verified by the video record
during the test. Besides, although the vehicle weight is not measured in this test, it appears the
peak value increases when larger and heaviey gass by.

Figure5 gives an example of QTC sensors for detecting traffic parameters where sensors are
buried before crosswalk, along double yellow lines and in controlled parking zones. Information
such as vehicle weight, position, traffic density anthtron of traffic rules, can be collected

for better management of transportation.
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QTC sensors { Emission signals Receipt signals

Figure5 Schematic illustration of QTC sensors for traffic detection.

Conclusion

This paper proposes a seHnsing quantum tunnelling composite and preliminarily
investigates its potential application to stipdge collision monitoring and traffic pamater
detection. Both types of sensors have fast, accurate and stable response to the loading. The
sensor is a perfect insulator when not working, thus saving energy compared to other sensors.
In specific, test results show the collision sensor has angarknge over 50MPa, enough to
record the complete stress transmission process of-lshgge collision. The collected
information is useful for issuing early warning, estimating bridge damage, and positioning the
collision that could save time for evadoat and rescuing. Test results of traffic detection
sensor on real roads show the sensor can be used to collect significant traffic parameters
including vehicle weighh-motion, vehicle distribution along the road, and traffic density for
improving transprtation management. The research shows the great sensing properties of
QTCs, and their potential for SHM and smart infrastructures. However, a major challenge lies
with the incompatibility between the composite and most of conebeteed structures, which
affects the accuracy of the detected information. In future work, the authors will further the
research on polymepased selsensing composites, as well as their application in
cementitious composite.
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Abstract

Thisstudy focuses on the effect of three graphite types of varying sizes on the mechanical
performance and electrical conductivity of cement composites. The finest graphite results in
better mechanical properties and the lowest percolation threshold. A lilkeagsessment (LCA)
study for the graphite nanoplatelet production and incorporation in concrete is also presented.

Introduction

Concrete is the most widely used construction material, however, concrete structures often
suffer from poor durability performance. There is an impending need for reducing repair and
maintenance by developing materials that look after themselves, i.e. lhiam@metic
attributes. One such material is seéfnsing concrete; which can sense the presence of stresses,
cracks and damage on its structure using conductive additives. These additives create a
conductive network within the cementitious matrix and whleere is damage or a change in
loading conditions, there is a consequent change in the electrical conductivity of the specimen
that can be monitored [1]. This paper focuses on the use of grapkéted materials (GRM)

in cementitious composites for saknsing. The effect of natural graphite on the electrical
conductivity of cement composites has been investigated usingrabé method and the
electrical percolation threshold has been found to reduce with reducing particle size. The effect
of graphite on the microstructure and mechanical properties of cement composites is
investigated through rheology, compressive strength testing and Scanning Electron
Microscopy (SEM). The potential use of graphite nanoplatelets (GNPs) as a conductive additive
is alsadiscussed.

In terms of sustainability, it is estimated that each tonne of concrete has approximately 100
300 kg of embodied CO2 [2]. The introduction of GNPs could lead to an improved structural
performance and therefore reduce the need for cemdibwever, there is very limited
fAGSNY 0dzNB 2y GKS SYg@ANRYYSydGlrt AYLIFOG 27F LN
there is no study of the environmental performance of a-G&Rent composite. Therefore, a

Life Cycle Assessment (LCA) was cartietbassess the environmental impact of concrete
reinforced with GNPs by focusing on the "cradlgate" of GNP production and their
incorporation in concrete.

Materials and Methods

The materials used in this study were Portland cement CEM | 52.5RdnnHand three
different natural graphite products with varying sizes. The coarse graphite was supplied by
AlfaAesar and had a lateral size ah& (10 mesh). Two other products were supplied by
SigmaAldrich and were of mesh si¥@0 (150um) and325 (um). Cement paste mixes with a

w/c = 0.45 containing natural graphite were prepared by dry mixing the required graphite
dosage with cement first for two minutes and then adding water, following the BS EIN 196

[3].

Rheology testing was undertaken using aamwalled Brookfield DV3T Rheometer with a
SC427 spindle. A modified Bingham model was used for the analysis of the results. For the
compressive strength testing, a CONTROLS Advantest9 machine was used with a maximum
capacity of 250kN at a loading rate2400 N/s following BS EN 1B6A ZEISS EVO LS 15-SEM
EDX, was used to obtain the microstructural images of the samples. Small chipped pieces were
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extracted from the cracked faces of the specimens after compressive strength testing and all
samples weregold-coated before testing. A foyorobe method was used to assess the
electrical conductivity. Perforated steel sheet electrodes of a thickness 0.55 mm and hole size
3 mm supplied by RS Components were used. The outer two electrodes were used to supply
the direct current (DC) of 10V and the inner two electrodes measured the voltage, which was
recorded with a datalogger every second.

The LCA study was carried out according to 1ISO standards [4]. The software SimaPro was used
with the Ecoinvent 3.0 databaskhe life cycle environmental impacts were assessed using the
Impact 2002+ methodology [5]. The functional unit was 1m3 of concrete and the LCA inventory
comprised of primary and secondary data gather directly by the authors or through the
Ecoinvent 3.0 dabase. The LCA covered the GNP production by Liquid Phase Exfoliation (LPE)
and their subsequent incorporation in concrete.

Results and Discussion

Electrical conductivity and the percolation threshold (minimum additive dosage required to
create a condudte network) were found to vary with graphite size (Figure 1). For the coarse
graphite {10 mesh size), the threshold is at 30% of graphite by weight of cement. As we move
to finer types, the threshold reduces at 20%. At 20% graphite content, the speuiitiefiser
graphite (325 mesh) are more conductive than ti®0-mesh graphite specimens. Overall,
conductivity was found to reduce as the specimen age increases from 2 to 7 and then 28 days
which is expected as cement hydration progressed and theessdree water available to
enable electrolytic conduction. The microstructural analysis of the specimens at percolation
threshold shows that graphite flakes are well integrated in the cement matrix and close
proximity to each other; therefore, allowingrfelectronic conduction and a tunnelling
mechanism to be developed.

20 -10 mesh size = 2mm
—=— 2 day

18 4 - =T day

28 day

16 4 -100 mesh = 0.149 mm (150 pm)
—a— 2 day

7 day
-« - 28 day

12 4 -325 mesh = 0.044 mm (44 pm}
—=—2day
- -7 day

Electrical conductivity (S/m)

Graphite content % by weight of cement
Figureb: Electrical conductivity variation with age and graphite size (left) and SEM images of
graphite in cement paste (w/c = 0.45) atdz8/s of hydration, (a), AlfaAesa®mesh (b)
SigmaAldrichl00 mesh and (c) SigmaAldrR25 mesh

However, the addition of natural graphite, has been found to affect some of the properties of
cementitious composites. As shown in Figure 2 (left), foreaheaoarse graphite (AlfaAesar

10 mesh =2mm), rheology increased almost linearly with increasing dosage. As the graphite
size became finer, the fluidity reduced dramatically. The viscosity at 10% graphite of size 0.15
mm was higher than that of 2084th the coarse (2nm) graphite. As the graphite size reduced
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to 0.044mm, the paste became extremely stiff. At 20% dosage, it was very difficult to mix and
therefore, the error is very high.

In terms of compressive strength, it was found that at allagss, the samples with graphite
addition have a lower compressive strength compared to the control. The coarsest graphite (
10mesh) produces the lowest strength, followed by the medium finerig¥3 ihesh) and the
finest graphite 325 mesh). 20% graphitaddition always reduces the strength more
compared to 10% graphite addition, irrespective of graphite size. SigmaAi@datesh (0.15

mm) at 10% dosage (by weight of cement) has been found to maintain the compressive
strength the most, with only a 12%drection at 28 days of testing.

2d Note:
900 4 [ 0% dosage (Control) 60 s -10 mesh = 2mm
[___]10% dosage by weight of cement ~7d 100 mesh = 0.15mm
8004 [ ]20% dosage by weight of cement I 28d 325 mesh = 0.044mm
I 30% dosage by weight of cement
700 - -40% dosage by weight of cement

600

200
100
0 T

. : : i
Alfa Aesar -10 mesh Sigma Aldrich -100 Sigma Aldrich -325 Control ~ -10 mesh  -10 mesh -100 mesh -100 mesh -325 mesh -325 mesh
size (2mm) mesh size (0.150mm) mesh size (0.044mm) -10% -20% -10% -20% -10% -20%

=

o
=]
S

s

o

S
1

Viscosity (MPa)

w
8
Compressive strength (MPa)

Figure6: The effect of graphite size and dosage (by weight of cement) on the viscosity (left)
and compressive strength of cement paste mixes (w/c = 0.45)

Overall, it is found that the finer graphite (44 um) results in a lower electrical conductivity
percolation threshold compared to coarser graphite. With this graphite, the compressive
strength is maintained the most compared to the control; however, théitf} of the mix is
compromised. GNPs, which are of even lower lateral size and higher electrical conductivity, are
expected to reduce the percolation threshold even further whilst maintain the mechanical
performance. However, as the size reduces furttiex,dispersion of the material becomes

even more challenging. A previous study by the authors has shown that the use of a
polycarboxylate superplasticiser is necessary to ensure sufficient mixing [6], which can in turn
complicate the electrical conductiiperformance. Nonetheless, the use of GNPs has been
found to generate a conductive network whilst maintaining mechanical performance and
improving some of the durability indicators.

From a lifecycle assessment perspective, the GNP production (of a product called G2NanPaste,
supplied by Nanesa Ltd.) has been analysed and the results are shown in Figure 3. It is apparent
that the greatest effect comes from the electricity consumptionrduthe exfoliation and
expansion of graphite, followed by thermal energy (heat) and the use of graphite as a raw
material. The consumption of water appears to be negligible in the whole GNP manufacturing
process. The production of 1 kg of CEM | corredpom 0.86 kgCO2eq whilst GNP production

in this study has been found to correspond to only 0.17 kgCO2eq.

The GNP incorporation in concrete was investigated next. A standard concrete mix design has
been used as a base case to establish the baselinadattidly and is then compared with the
GNPreinforced concrete mix.
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Figure7: Normalized results in terms of impact (rpint) categories of life cycle impact
assessment of 1 kg of G2ZNanPaste production. Here and in the fglkogyures the criteria
for normalisation are per person equivalent units, where-p@eson equivalent represents

the average global per capita annual average impact in the specific cdggory

From Figure 4 (left), it is evident that Portland cement (CEM 1) is the largest contributor,
followed by aggrgates (sand and limestone as fine and coarse aggregate respectively). The
use of water is found to have a negligible effect and the same applied to the electricity whilst
GGBS has been considered as avoided impact. Global warming is found to be thenigdrgest
point impact category and the production of this specific 1m3 of concrete corresponds to 19.42
kgCO2eq. The impact of global warming is followed by the consumption -océmamable

energy and respiratory inorganics. From Figure 4 (right), it is shetvaven when GNPs are
added in the mix, Portland cement remains the greatest contributor to overall impact followed
by limestone and sand. Overall, the plasticiser is found to have a greater effect compared to
G2NanPaste and its effect on the global wagnit is 3.22 times that of the G2NanPaste whilst

this increases to 6.13 times for respiratory inorganics. Portland Cement (CEM 1) is 248 times
more damaging than G2NanPaste in terms of global warming and 124 times more damaging
in terms of respiratory mrganics (human health) for the specific concrete mix that was
investigated.
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Figure8: Normalized results in terms of impact (rpoint) categories of life cycle impact
assessment of producing #wf concrete for the base case (left) and for the &&ifforced
concrete (right]7]

Conclusion
Three graphite types of varying sizes have been tested and it was found that the finest graphite
results in better mechanical properties compared to the rest and has the lowest percolation
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threshold forelectrical conductivity (therefore a lower dosage of graphite is needed). GNPs,
which are of lower size and higher conductivity, can further reduce the percolation threshold
whilst maintaining the mechanical performance. A lifecycle assessment (LC/Aghstweyl

that the production of 1 kg of G2NanPaste (GNPs product of the study) with Liquid Phase
Exfoliation results in 0.17 kgCO2eq which is less than the production of Portland cement (0.86
kgCO2eq).
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Introduction

Concrete is the mostidelyused construction material in the woylts output was up to 2.5
billion n? in 2019in China However, during its long service life amtler the action of
environment factors crackng of concretewill be inevitabe [1-2], which will affect the
durability and bearing capacity of the concrete structure. In recent years, microbial induced
calcium carbonate precipitation (MIRs been developetb repair concrete crack8H].
However,most research results showed that the healing depth in crack mouth was Amall.
selthealingmethod based ocompound microorganissnwas studied in the research in order

to increase the healing depth of cracks.

Materials and methods

Microorganism

The microbial additive consisted of two kinds of bacteria, which had strong alkali resistance
and could produce Ca@ly mineralizationThen spray drying was used to transform cells into
spores. The spores were conserved in a refrigeratds at

Preparation of mortar samples

Mortar samples with the size 0fL00 mm x 50 mm were prepared by mixing sand, water,
China Pl 42.5 cement and microbial seHaling agent, which contained spores with 1.0%10
CFU/g. The mix proportions are shown in Table 1. The samples were cured in standard curing
room (RH = 90%, T =20 £ for 7 d. The splitting method is used to make cracks between
0.200.30 mm. Subsequently, the samples were conductedvdtycycle heahg. In each dry

wet cycle, the samples were placed in the water for 12 h and were then exposed to the air for
12 h. In addition, the healing temperature was maintained at 23 + @nd the sethealing
efficiency of samples was tested after 28 days hgdiline.

¢FofS Md aAE LINPLRNIAZ2Yy&E 2F (GKS Y2NIIF N &l YL}

Group Cement Water Sand Spores
(9) (9) (9) (9)

Reference 500 250 1500 0

Microbial 500 250 1500 4

Characterization methods for séiéaling efficiency
LYIF3S LINPOSaaAy3a YSiIiK2R
| AaAYIORNING I G 2 Gl-lé LIK202& 2F ONY O awaaiNF I OS
dzaSR G2 20GFAY GKS O0AYINEB LK2:G23INI LK FyR Iy
alryvyLft sa Oly oS élfédzf I SR DRS 9Yjd¥ aiS NIy2 B MO NI
()STZNJ‘S KSrd Ay@S I ywdYdaSNI 2F ONJ O] | NBI LAESt R
| OOAPAEOA— pmmb M
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The depth of the cracks repaired

The repaired sample was broken along the crack mouth, and then the distribution of
mineralization products at different depths (along the Z direction of crack) at the cross section
was analyzed bstereo microscopeTheschematic diagrans shown in Figurg.

z Crack
o

wu (g

e
"~

¥ $100 mm

Figure 1. Schematic diagram of cracking sample

Characterization of precipitations at the crack mouth

The precipitation produced on the surfaces of the samples was analyzed by Scanning Electron
Microscope (SEM) equipped with an Endpggpersive Xay Spectrometer (EDS), and then
examined by Xay Diffraction (XRD).

Results and discussion

Area repairing rate

Figure 2 shows the repair of crack within different healing time. It can be seen that with the
increase of healing time, the crack was gradually filled with white precipitations. The crack of
microbial group was mostly repaired after 28 days, and therapeadr rate could reach 98.2%.
While the reference group was hardly repaired, and the area repair rate was only 3.6% (Figure
3), which was mainly due to the late hydratlon of cenmamticles.

(b)
Figure 2. Surface image of crack before and aitfrent healing time, (a) reference, (b)
microbial
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Permeability coefficient

Figure 4 shows the permeability coefficient calculated according to Darcy's law. It can be seen
that with the increase of healing time, the permeability coefficient ofréfierence group
remained unchanged. While the permeability coefficient of the microbial group was
significantly reducedy two orders of magnitude. Comparing with the reference group, the
water permeability resistance of the microbial group was greatlyowvegl.

100 1E-3
—m— Reference —=— Reference
—e— Microbial . —&— Microbial
804 Q)
IS £ k4
E\°/ I 7
(o)
Q @
§ 60 E
= e
;5;- ; 1E-5
s 407 =
o 3
< £
20 E 1E-6
g a8
0 T . T T 1E-7 T T T T
0 7 14 21 28 0 7 14 21 28
Healing time (d) Healing time (d)

Figure 3. Area repair rate of samples Figure 4. Permeability coefficient of samples

Depth of repair

Figure 5 is the distribution of mineralization products at the crack mouth of microbial group
observed bystereo microscope. It can be seen that the cracks of different depth were full of
white precipitations With the increase of crack depth, the whjeecipitationsgradually
reduced. The average repair depth of cracks was around 8.0 mm (Figure 6).

zZ/mm
50

48
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Figure 5lmages of repair depth of crack in the microbial group sample after healing 28 days
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Figure 6. Depth of repair different measuring locations after healing 28 days

Morphology and component of crack fillers

Figure 7 (a) shows the SEM images of crack fillers of the microbial sample. It can be seen that
the crystallized products were irregular massive particles fotmpdtieaccumulatiorof small

particles. According to the EDS (Figure 7 (b)) and XRD (Figure 8) analysis, the products were
CaCwin the form of calcite.

, Ty TP Element C o Ca
LN T A e Wt (%) 12.46 4148 46.06
200W50 500x SE 67 | gl Atom (%) 21.70 54.25 24.05
b

Figure 7Precipitates at the crack mouth in the microbial samples after healing 28 days, (a)
SEM micrograph,(b) Energy spectrum analysis
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Figure 8. XRBnalysis of precipitates at the crack zone after healing 28 days
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Conclusion

(1) Compared with the reference group, the cracks between 0.2 mm of cemenbased
materials ould be mostly repaired aftenealing28 days by adding microorganism. The area
repair rateon surface of cracks wauip to 98.2%, and the permeability coefficias reduced

by two orders of magnitude.

(2) The repair depth of the cracks in the microbial sample was greatly improved, and the
awerage repair depth was 8.0 mm. The results show that the precipatatas crack mouth

were calcite CaGWith irregular morphology.
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Abstract

Natural stone is one of the most widely used geological construction materials. Although stone
masonry structures have the potential to survive over céesurthey may be subject to
significant damage and deterioration. Various conservation treatments have been explored for
modifying the characteristics of stone, often in the layer closer to the surface. However,
treatments may limit the breathability oféhmaterial triggering further damage.

This work studies microbially induced carbonate precipitation by bacteaabreathable
alternative for the protection of building stone from deteriorationThe mineralogical
composition and pore structure of mosbse types used in construction are favourable for

the growth of bacterial communities/hile calcium carbonate as the healing product is highly
compatible with the substrate.

A protocol for the application and assessment of biological healing was detdynaking into
consideration the specific needs of bulk materials and existing structBpesosarcina
pasteurij an aerobicureolytic bacterium, was applied tao different types of stone: i) a
massive calcitic chalk from Cyprus, popularly called Lympia stone, ii) a dolomitic limestone from
Lalfes LUz IINIT& 1y26y a tASGNI RQ! yISNI & ¢
determined and compared toference samples by recording changes in water absorption and
drilling resistance, as well as by means of SEM/EDS and confocal microscopy on calcein stained
samples. The results demonstrated tBabrosarcina pasteuniiduced sufficient cementation

in the near surface region of the specimens to an extent that could be considered protective,
yet compatible with the natural properties of the materials.

Introduction

Geological materials comprise most cultural heritage building materials worldwide. However,
they are subject to damage and deterioration [e.eR2].1Surface treatments [3] may reduce

0KS WONBFIGKIoATAGEQ 2F GKS YIFIOGSNRAFE FyR Ol y
Biological methods of strengthening a range of materials can be found in the Il

5-9]. However, selfiealing concepts have yet to be explored for building stones in
construction. This work investigates the potential for providing building stone with a system
that could heal damage and prevent further deterioration. TakingtRedl y i 3S 2F (G KS
bioreceptivity and suitability for biomineralisation, the system developed in this study is based

on the use of naturally occurring biological mechanisms, which can induce calcium carbonate
precipitation. Sporosarcina pasteuripne of the most commonly used microorganisms in
biocementation of particulate media [1I2], has been selected for this study. This paper
discusses the potential of biological systems to change the microstructure of porous natural
stone in order to increasesilience to deterioration.
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Materials and methods

Lympia stone, a massive chalk from Cyprus (>99% calcite), was chosen as the model rock for
this study due to its relatively homogeneous microstructure and mineral composition [13].
Angera stone, @olomitic limestone from Italy [14], was also added the investigation as a
substrate of different mineralogical composition (>98% dolomite) compared to the healing
products (CaC{p

Lympia stone specimens @ 2 cm) were divided in three groups (i.e.BAC), while one more

group (D) was added in the study of Angera specimens (Table 1); group A was treated in aseptic
conditions with ésporosarcina pasteubacteria solution (NCIMB 8221, UK) and cementation
medium (per litre of water: 3 g nutrient bro@M0001Oxoid, UK, 10 g NEl, 2.12 g NaHGO

22.053 g Cagl 2H0, 20 g urea), group B was treated only with cementation medium (aseptic),
group C only with water and group D with dead bacteria and cementation medium (aseptic).
Groups A, B and D were tted two more times with cementation medium, while group C was

only supplied with water. The specimens were stored &C30uring all healing stages.

Table 1Groups of specimens

group Bacteria Cementation medium Water
A + (living cells) + -
B - + -
C - - +
D + (dead cells) + -

The efficiency of the treatments was assessed through the implementation of various tests and
analysis; here we present indicative results/observations from (i) water absorption
measurements by capillary action (imass changes at different time intervals), (ii) micro

drilling resistance measurements (DRMS by SINT Technology) [15], (iii) the use of SEM/EDS
(GAIA 3 TESCAN), (iv) the use of confocal microscopy (LEICA TCS SP5) on calcein stained
specimens, (V) the usé oolourimetry (MINOLTA CM 700D) and the determination of colour
changes according to the CIELAB 1976 system.

Results and discussion

Indicative results of the capillary absorption tests are presented in Table 2, where a decrease
of 5.68% in capillary absorption was observed for the Lympia specimens treatel. with
pasteurii(group A)while no significant change is observed in the cakgsoup B and C. This
result proves the potential of the treatment to change the microstructure of the specimens in
a promising way which can prohibit deterioration related to water transport.

Table 2indicative decrease in capillary absorption (agenaalues) after treatment on one of

the stone types (Lympia stone). Negative values correspond to increase in capillary absorption.

lff YSFadaNBYSyida G221 LXIFTOS FTFiSNInn YAya onp
Average

group nitnn o Standard deviation
Lympia stone F

A 5.68 0.63

B -0.14 0.22

C -1.00 0.18

49



Praceedings of the RM4L2020 International Conference

The drilling profiles of Lympia specimens showed a clear peak of higher resistance to drilling in
the case of group A (data not shown). This agrees well with the capillary absorption results
shown in Table 2 and it can be attributed to the effective catettdn of the material in the

area close to the treated surface. No similar peak was recorded for the specimens of group B
and C.

Element | Weight %
10.58

OK 48.08
MgK 1.09
AuM 11.68

CIK 0.43

28.13

SEM HV: 15.0 KV WO: 6.86 men
View field: 136 ym [
SEM MAG: 204 kx  Date{midly): 0221119

Figure 1(i) SEM/EDS and (ii) confocal microscopy evidence of new foa@&iion on a
stone specimen (Angera type@ated with bacteria and nutrients (group A).

The determination of the changes in the chromatic components is reported in Table 3. The
overall colour changes (Qap of the specimens treated with bacteria and/or cementation
medium compared to theelevant group C values, are equal to less than 3, which is the value
under which the average human eye cannot detect colour differences (Tiano et al. 2006).
Therefore, the biological treatments performed in this study may be considered that they do
not cause any aesthetical change on the surface of the treated materials.

Table3/ KNRYFGAO O22NRAYI (1Sa 2F (KS ada2N¥FI OS 27
groups A, B and D were calculated in comparison with the relevant groups C.

group nlF ntr noF N Naf
Lympia stone

A -0.73 0.26 1.93 2.07

B 0.08 0.79 1.07 1.33
Angera stone

A m®PdPo m IORYRY nopn nodco

B noHnN nony m®dnp noHp

D nomMmm mPdPmo ™mdPnwm M®PnH

Conclusion

This work presents the application and evaluation of biological treatments in natural building
stone using the bacteria straiBporosarcina pasteuriS. pasteuriiinduced significant
differences in the microstructure of laboratory stone specimens, which is proved by the
decrease in capillary absorption, increase in drilling resistance, microscopic observations and
elemental analyses. Sufficient supply of nutriemis #the use of living cells was found to be

the treatment that better promoted healing in both stone types. Dead cells with nutrients also
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led to new formation of CaGhowever further research and optimisation of the treatment is
needed. None of the biofjical treatments performed in this study was found to cause colour
alterations that can be detected by the average human eye.
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Abstract

While concrete is a widely used building material, microcracks occurring during casting and
placing could be a major drawbackajplications. Limited research on biomineralization in
cementbased systems suggested that $edfiling of surface cracks could be obtained by
triggering biogenic calcium carbonate precipitation within the cracks. While this is
encouraging, studies contiauto improve the extend of the possible applications of the
biomineralization. Recent studies suggested that natural minerals could be used as protective
barriers, which might increase the efficiency of-selling. This paper summarizes a study
undertaken to investigate the seliealing efficiency of Sporosarcina pasteurii (S. pasteurii)
cells immobilized on different natural minerals such as diatomaceous earth, bentonite and
metakaolin to remediate flexural cracks on mortar in early ages (7 and 28Tdagbjain a 2

phase biemineral additive, half of the minerals were saturated with a nutrient medium
consisting of urea, corn steep liqueur and calcium acetate, while the bacterial cells were
immobilized to the other half of the minerals without nutrienssaluation of the healing
process was done with stereomicroscopy and water absorption tests. With this approach, the
cracks on mortar surface were sealed and the water absorption capacity ofthéesbsel

healed mortar decreased compared to its cmupart cracked mortar samples.
Complimentary Scanning electron microscope (SEM) analysis revealed that the cracks were
sealed by calcium carbonate.

Introduction

Despite its negative perception in society, concrete is still the most used building niaterial
the construction sector. Nevertheless, early age cracks occurring in concrete can decrease the
strength of the materials and limit the service life of the concrete structures. Recent studied in
the field showed that it might be possible to develop aldaised sethealing system where
bacterial cells are being used to remediate cracks by triggering microbial induced calcium
carbonate precipitation (MICP) within very narrow microcrfib&3]. The main challenge of

the application is to find a microorganism that can tolerate highly alkaline conditions of cement
paste, can survive the mixing process and can remain viable with limited access to nutrients
[4]. A simple approach is adding the vegetative bacterial cells directly to the mix. Previously,
Bundur et a[5] showed that vegetativEporosarcina euriicells could survive in mortar up

to 11 months when they were added to the mix without any encapsulations. These remaining
cells were found to be effective in remediation of the microstructure when internal
microcrackfg] and flexural surface cracks ird@y old samplef’]. Howeve, limited viability

and lack of @decreased the performance of CaGfeld through all crack the depf{f].
Concerns regarding the viability of the cells and limited crack healing led researchers to
propose various encapsulation methodologies. Timneapsulation methods consist of
embedding the endospores in a protective covering, e.g. inorganic lightweight porous
aggregates (LWAS8]), polymeric membrang9,10], microcapsule$ll], hydrogelq12], and
natural mineral$l13,14] Instead of using synthetic encapsulationezmg, a more sustainable
approach could be achieved by using natural additives or natural lightweight aggregates.
Throughout the literature, studies showed that among several alternatives such as
diatomaceous earth (DE), metakaolin, zeolites, and exparidgdctould be suitable for the
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protection of the bacteria based on their effects on compressive strength and setting, in
particular, DE was found to be effective in-belfling of crackgl4,15] To achieve effective
selthealing in cemenbased materials, an appropriate protection barrier should be chosen
along with a correct applitan methodology.

This paper summarizes a study undertaken to investigate théesdihg efficiency o8.
pasteuriicells immobilized on different natural minerals such as DE and bentonite to remediate
flexural cracks on mortar in 28 days.

Materials ad methods

Microorganism Selection and Growth

A ureasesnzyme active, endospofermingS. pasteurifLeibniz InstituteGerman Collection

of Microorganisms and Cell Cultures DSMZ 33) cells were selected asealselfagentS.
pasteuriicells were grow in a Ureecorn steep liqueur (CS$9dium acetate nutrient medium
(UCSL) which includes tris base (0.13M), CSL (15 g), sodium acetate (10g) and urea (20 g) per
litre of distilled (DI) water. The pH of the medium was adjusted to 9. The cells were idcubate
aerobically in a sterilized liquid medium with shaking conditions (175 rpm) at 30°C until the
stationary phase (P@CFU/mL) was reached. Then, the cells were collected from the culture by
centrifuging at 6300g for 15 min. The cells were washed twicd8By(Phosphate buffered
solution) and stored at 4°C until immobilizing.

Material selection

Throughout the study, DE and bentonite were used to immobilize the bacterial cells. The
average particle sizes of DE, bentonite, and cement were determined as2912@&nd 23.2

pum, respectively. In particular, the immobilization procedure was achieved by submerging the
barriers to an aqueous medium for 24 hours, thus sbealledabsorption capacity of the
minerals could be specified as-Bdur absorption capagit The24-hour water absorption
capacityby weight for DE and bentonite was found to be 110% and 300%, respectively. Besides
the additions or replacements, mortar samples were prepared using OPC CEM | 42.5R and
standard sand accordingly to the norm EN-198 polycarboxylate superplasticizer was used

to maintain the same workability criterion for all samples. The water to cement ratio (w/c) was
kept at 0.45. While the dry mineral content was 5% (w/w) of cement weight, the total biological
selthealing agencontent including cells and the aqueous solution was used calculated as 10%
(w/w) and 15% (w/w) for DE and bentonite, respectively. This difference was mainly due to the
different absorption capacities of these minerals affecting the weight of the adubsotution.

Immobilization procedure

To immobilize the cells on minerals, 1 gram of vidbleasteuricells were collected and they

were resuspended in a sterilized 45 mL PBS solution. Then, 11.25 g of the mineral was added
to the suspension. Then, tlegher half of the minerals (11.25) were submerged in a 45 mL
nutrient medium (UCSLC) including of urea (20g/L), CSL (10g/L), and calcium acetate 10g/L.
Immobilization was achieved with shaking conditions (175 rpm) at 30°C for 24 hours. Then, the
slurry wagemoved from incubation and kept at 40°C in an oven for an additional 12 hours.
Excess moisture content was calculated by subtracting the known weight of minerals, bacterial
cells, and theoretical absorbed aqueous content from the final weight ofdyyesturry. This

value was subtracted from the mixing water content. To evaluate if the immobilization was
achieved, the morphology of the DE and bentonite were evaluated before and after treatment
by an FEPhilips XL30 Environmental SEM with Field EmiGsior(FEG). Figure 1 shows the

SEM images obtained before and after the immobilization procedure.
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Figure 1. Morphology of minerals before and after immobilization: (a) diatomaceous earth
before immobilization; (b) diatomaceous earth after immobilization; (c) bentonite before
immobilization; (d) bentonite after immobilization. Scalemd

CrackKormation and evaluation of seifaling

Mortar samples were prepared based on ASTM @3056]. Samples were made with a water

to cement ratio (w/c) of 0.45 and a satadcement ratio of 3. The mortar samples were then

cast into 40 x 40 x 160 mm molds and kept in a humid environment at 21°C for 24 h. Then the
molds were removed, and the samples were further cured in a moist environment until testing
(22°C). To provide flexural resistance during crack initiatiemmi 2ricro synthetic fiber were

added to mortar (4 g/fhof mortar). A polycarboxylate ether (P®B$ed superplasticizer was

used to maintain the required workability of mortars. Samples contafhingasteuricells
immobilized on DE were noted@&2Pand sanples containing cells immobilized on bentonite
were notedBT-2P.Twentyeight days after mixing, the samples were removed from the curing
environment and cracked under flexural loading using a demaulic displacement
controlled device (0.05 mm/sec)pbh unloading, the remaining crack width was determined

as 0.35 mm. Once the cracks were formed a set of cracked samples were treated in water and
another set was treated in UCSLC nutrient medium. The treatment process for healing was
done by submerging éhsamples into curing solutions forddys and then, subsequently

f SFGAYy3a GKSY +d | YOASYaRIORay RAUSINRARE FRNNS [Hi YRS Y
applied until at least 90% crack sealing was obsefeihvestigate the selfealing in cement

based mortar, cracked beams were periodically observed under NIKON Inc. SMZ745T
Stereomicroscope. Complementary quantification was done by calculating water absorption
capacity (RILEM 25 PEM)llof the beams were evaluated with respect to RILEM morphology

of the precipitate was analyzed with an-Philips XL30 ESEM with FEG.

Results and discussion

Visual evaluation of sdtiealing

Upon 28 days of solution (or water) treatment, the cracks were visually sealed in specimens
containing bacterial cell®E2P and BRP) when additional nutrients were provided during

the treatment. There was not any visual crack closure in control samples without any bacterial
cells and the samples containing cells but rather kept in water. Since the visual crack healing
was almost the same for each set, one representative image of series wifly 281 samples
containing bacterial cells is shown in Figure 2.

Based on the visual crack evaluation, both minerals were found to be effective in terms of
immobilizing the bactéal cells and trigger sdiealing. The possible mechanism of these
minerals could be attributed to their relatively high capacity to absorb and hold bacterial cells
on the surfaces. This was attributed to its relatively higher absorption capacity asgddtdic
surface area of these minerals which could enable a more homogenous distriButitrcal

point of the results obtained is the importance of nutrients for -ke#ling. As
abovementioned crack healing was observed in any sample containiegiddaclls when

they were cured in the nutrient medium. Results showed that cells require additional nutrient
source as urea and calcium acetate either in the mix or externally in treatment solution

54



Praceedings of the RM4L2020 International Conference

regardless of the type of the immobilization barriersiBes, the cracks were sealed faster in
samples containing bentonite than that of in samples prepared with DE. While full crack sealing
in DE2Psamples could only be achieved in 28 days, this duration was 14 B&zHsamples.

This might be attributetb the autogenous healing effect of bentonite by itself. Suleiman et al.
[17] showed that partial crack healing was observed in concrete samples containing bentonite
in 1 year. Thus, the incorporation of bentonitghwbacterial cells significantly improved the

rate of crack remediation compared to the cases where these 2 agents were used separately
[17].

Figure 2Stereomicroscopy images of the cracks (0.3 taovth{induced in 2&lay old
specimens (a) BEP after 28ays of water treatment (b) P after 28Jays nutrient
treatment (c) BR2P after 21 days of water treatment and (d}2Tafter 21 days nutrient

treatment.

Figure 3 shows the SEM images obtained from the crack surface are2fhddd BPP
samples in which crack healing was observed. The precipitates were collected from the cracked
surface after the water absorption test. In fact, upon fracturirgglttams from the cracking,

it was found that precipitation was found to be distributed through the crack depth not
particularly at the edgesd@ta not showh Crystals of aragonite and calcite were found
formation were observed in the EP? sample. Similarly, SEM analysis showed that calcite and
vaterite was the dominant crystal within the cracks o2BTsample. Also, there were rod
shaped indications of baarial cells (showed with red arrows). SEM images revealed that the
bacterial cells were immobilized in bentonite and triggered MICP when cracks were induced.

@ (b

(€) (d)

Figure 3SEM images of the crack surfaces in (a) and (BPB&amples after 28 days of
UCSLC medium treatment, (c) and (dgBBamples after 21 days of UCSLC medium
treatment. Red arrows highlighting the indications of the possible preseiseasteurii
treatment.

Change in ater absorption

Figure 4 below summarizes the water absorption coefficients, k, obtained from the test.
Samples containing DE (BEind DRP) showed consistent results with the visual inspection.
There was approximately a 50% decrease-valke in DE2P samples comparet their
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counterpart control DE samples, regardless of the treatment regime. Relatedly, there was a
considerable improvement in k value (almost 50 %) in 28 days craci&il dailple kept in
water compared to its counterpart control sample-OEept in \ater. This is slightly
inconsistent with the visual inspection result where there was only a partial precipitate
observed around the crack mouth. This might indicate that the healing process in this sample
yield through the crack depth rather than the dcacouth. Even though the cracks were sealed

in BF2P samples, the water absorption coefficient was found to be higher than their
counterpart control BITC samples. One sound explanation for this is the inconsistent trend in
water absorption of samples coirtang bentonite. This could be again related to the high
absorption capacity of the mineral leading to an experimental error due to the use of paraffin.
Even though the absorption capacity of bentonite was recorded as 300% for 24 hours,
extended saturatiomight lead to a higher degree of absorption capacity.

BT-2P-UCS.C T
BT-2P-WC
BT-C-UCSLC - —
BT-C-WC
DE-2P-UCSLC - =
DE-2P-WC -zmmmm
DE-C-UCSLC - =h
DE-C-WC

0 0,001 0,002 0,003 0,004 0,005 0,006 0,007
Water Absorption Coefficient, k ( kg/ m2. s2)

Figure 4. Water absorption coefficient, k after crack healing. DE: Diatomaceous earth; BT:
bentonite; 2P:2Phase; WC: Water curing; UCSLC:-G&laand calcium acetate nutrient
medium curing.

Conclsion

This study was undertaken to investigate the use of diatomaceous earth and bentonite as
protective barriers for bacterial cells to trigger $edtling of cracks. Our study showed that
both minerals could be used to immobili3e pasteuricells. Visual evaluation and water
absorption test also showed that this methodology could be used as -heabifg
methodology for flexural cracks as large as 0.4 mm. Complete crack sealing was observed in all
samples containing bacterial cells when thdrient medium was provided. Besides, SEM
results revealed mostly calcite and vaterite precipitation ¥2BBamples, while ACC was
found in cracks in BEP samples. The mineral precipitation was through the crack depth rather
than only occurring at therack mouth. Upon crack healing, samples containing DE showed a
higher degree of improvement in water absorption compared to samples containing bentonite.
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Abstract

UK Civil Nuclear sites contain significant volumes of concrete infrastructure, including both
external and internal structures. As a consequence, different concretesxpmsed to
differing environmental conditions, resulting in variable mechanisms and rates of concrete
degradation. For example, external structures may be exposed to salt water anetlicegze
cycles, while internal structures may be exposed to high temtynexs and/or high levels of
radiation.

Key to minimising the degradation of concrete structures is the reduction of concrete
permeability. High permeability permits the ingress of damaging chemical compounds such as
sulfate, and permits carbonation whiclmay damage stediearing reinforcements.
Consequently, techniques to reduce permeability will improve durability of the concrete.
Specifically, very low permeability concrete is highly desirable for radiation shielding
structures, which must be impermealtteradioactively contaminated air and liquids.
Microbiallyinduced calcite precipitation (MICP) may provide adost, lowcarbon method

for the reduction of permeability in aged or damaged concrete infrastructure. The method
used in this study reliespan the ureolytic capacities of the bacterial str&@porosarcina
pasteurii. We treat fractured concrete cores in the laboratory and show that our newly
developed concrete treatment protocol successfully reduces hydraulic conductivity by at least
2 ordersof magnitude in concrete samples collected from UK Civil Nuclear sites. We -utilise X
CT imaging to quantify and visualise the calcite deposited within the fracture network present
in the concrete samples. Our research indicates this treatment protocosigaificantly
reduce concrete permeability and thus could be deployed to increase the longevity of
degraded concrete nuclear assets.

Introduction

Concrete makes up a large proportion of infrastructure and assets comprising the built
environment. This re#s in concrete and cement being exposed to a broad range of
environmental conditions. Concrete is therefore subject to many forms of deterioration,
typically leading to the formation of cracks or fractures; and consequently increased
permeability, leadingo even further deterioration due to corrosion of reinforcement.
Traditional repair methods used depend upon the purpose of the concrete structure and
include patching with concrete or bitumen, or the injection of new concrete or other grouting
materialsinto deeper fracture$l], [2] These methods are expensive in both time, materials,
and have associated negative environmental impacts.

The development of low embodied carbon materials and methods for the repair of concrete
may contribute to reducing the environmental impact of concrete ugdpdhe use of
industrial waste materials to act as nutrient sources for microbial growth may llmeo a

O2y NROdzlOA2Y G2 | & di Wicrdbialy nduGed ¢HIOHR MEriitatolN S O 2
(MICP) relies upon the ureolytic activity of bacteria to trigger biomineralisation. This process
occurs via the enzymatic breakdown of urea to produce ammonium and carbonate ions. These
carbonate ions will bond to arfyee calcium ions present in the system, and in a high pH
environment the formation of calcium carbonate (calcite) will be promoted.

Most laboratory studies of the treatment of concrete have relied on pouring/dripping
treatment solutions onto concrete ks or immersing blocks fully in treatment solutifsis.
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Neither of those approaches may be practical for in situ application. In comparison, injection
enables treatment fluids to applied to ntwrizontal surfaces such as walls and roofs, and also
allows applicationnto internal fracture networks. Most studies treating natural/created
fractures and artificially planar fractures have relied on visual assessment of the repair at the
surfacel5] Few studies have investigated strength gains from MICP treatment of damaged
concrete. h this study we (1) inject the MICP treatment solutions under controlled conditions,
(2) visualise and quantify the deposition of calcite in the core usi@y>and (3) demonstrate

that MICP can effectively regain strength in an initially fragmented etenoore.

Materials and methods

ConcreteSampleCollectiomand Preparation

Concrete blocks were provided by Babcock Marine Ltd, taken from concrete caissons/dock
blocks used as part of a dry dock structure at Devonport Royal Dockyard facility, within HMNB
Devonport. The dimensions of each block were W: 100 cm, L: 181 cm, H: 80 cm, weighing
approximately 3.3 tonnes.

From these blocks, 3 mm diameterby 72 mm length core was cut to produce samples
suitable for laboratory scaletesting. An unconfined compssive strength (UCS) test was
conducted to determine the UCS value of the concrete and also to artificially induce fracturing.
Once visible fracturing was observed the core was then split along the predominant fracture
into two halves through impact withchisel.

The core was reassembled, wrapped in fstaink tubing and confined at 1000 kPa in a core
holder for 1 hour to compress the halves of the core firmly together. After this, the core was
vacuumsaturated with tap water and scanned via&XT. Finally the core was remounted in

the core holder and a confining pressure of 1000 kPa was applied to ensurpassiof MICP
treatment fluids around the core.

Bacterial growth and preparation for injection

S.pasteuriiwas grown from cryopreserglestock cultures in a solid medium consisting of 5.5
gL Yeast Extract (Sigadddrich), 5 gt sodium chloride (Fisher scientific), 0.4'd}-glucose
(SigmaAldrich), 0.4 gLK:HPQ (SigmaeAldrich), 20 gturea, and 15 gtagar (Sigma
aldrich).Urea was added aseptically after autoclavingsingle bacterial colony was
thentransferred into a liquidrowth media consisting of 5.5 glYeast Extract (Siga#ddrich),
5gltsodium chloride (Fisher scientific), 0.41@kglucose (§maAldrich), 0.4 gL

1 KHPQ (SigmaAldrich),and20 gt! urea(SigmaAldrich).Urea was added aseptically after
autoclaving. The culture was incubatagrnight at 30C.Theculturewas then centrifuged at
6000 Gor 7 minutes. The supernatant was diskal,andthe bacterial cell
pelletresuspended in mains tap water an OBgoof 1.0. Thisolutionwasprepared
immediately prior tanjection into the core.

MICP Treatmerdnd Permeability Measurements

A HPLC pump was used to inject water tagatment fluids through the core. Initial absolute
permeability (units @) was determined during injection of tap water by controlling the flow
rate at the pump, and measuring the differential pressure across the core. This calculation
dzii A £ A & S R (fomulbl kv o medsure permeabiliky: (

k
q=——Vp.
7k

Wherek = permeability (), >= dynamic viscosity of the fluid (Pan$),= pressure drop (Pa),
andq = instantaneous flux (#s).
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Treatment cycles consisteds#venmain injectiorstageghroughthe core, interspersed with
water pulses to prevent blockage of the pump and tuldiog.each bacterial and cementing
solution injection stage, 5 ml of fluid was injected per cycle at a flow rate of 0.1 ml/min.
Cementing solution consisted d11 gt! calcium chloride (Sigm@drich), and 60 glurea
(SigmaAldrich).

The order of thesenjection stepgor a single treatment cyckre listed below (Table

1). Permeability measurements were taken with water after each treatment cycle.

Tablel: Treatment Cycle Steps for Cyclés 1

Treatment Step  Treatment Solutior Flow F_{ate Du_ratlon Total Volume
(ml/min) (minutes) (ml)
1 Bacterial Injection 0.1 50 5
2 Static Period N/A 120 N/A
4 Cementing 0.1 50 5
Injection
5 Static Period N/A 960 N/A

(overnight)

Between treatment cycles, the tubing lines and pump were flushed thoroughly with tap water.
This treatment cycle was repeated several times.

After 6 treatment cyclepermeability had decreased significantly. At this point, the flow rate
for all injection stages was halved to 0.05 ml/min , with the treatment duration doubled to
maintain the same volume of treatment fluid as in CyclégTable 2.

Table 2: TreatmentyCle Steps for Cycles97

Treatment Step Treatment Solutior Flow Rate Dgratlon Total Volume
(ml/min) (minutes) (ml)
1 Bacterial Injection 0.05 100 5
2 Static Period N/A 120 N/A
4 Cementing 0.05 100 5
Injection
5 Static Period N/A 960 N/A

(overnight)

Tomography (XCT) Method

X-ray micro computed tomography of the concrete core was carried out using a Nikon XT H
225 LC Xay computed tomography system. This generated a 2D stactjettions from the

scan. The core was scanned once before MICP treatment, and once afterwards. Following
reconstruction, preand posttreatment stacks were aligned using the registration software
ElastiX{6] Thresholding and processing of the stacks was performed using the FIJI distribution
of ImageJ7] which allowed the solid cgmonents (concrete: cement matrix or aggregates) to

be distinguished from the void or fracture spaces. The data was binarized based on grey values
(255/White or 0/Black), with 255 representing concrete/calcite, and 0 representing
void/fracture spaceBy suliracting the pre and posttreatment binarized stacks, it was
possible to visualise where calcite was deposited within the fracture network. It was also
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possible to count the number of these voxels, which corresponds to a measurement of
deposited calcitealume.

Results and discussion

Permeability was observed to continually decrease with each treatment cycle compigted (
1). After 9 treatment cycles a permeability reduction of 3 orders of magnitude was achieved.
After 9 treatment cycles, the core wasmeved from the core holder and imaged under(XT.

XnCT analysis revealed that the initial fracture network within the core had been coated with
a new solid phase, (i.e. calcite), see Fig 2. Basedv®T Xata, the measured volume of the
precipitated phae was 46.42 mfn
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Figure 1: Permeability change vs. Treatment Cycle Number

The initial measured compressive strength of the core was 14.41 MPa. A&ffeinxaging
another UCS test was conducted, and the new compressive strength measured as 1.58 MPa,
indicating that ~10% of the initial strength of the concrete core had been esyaia MICP
treatment.

Conclusion

In this study we havedemonstrated that MICP treatment via controlled injection can be used
to effectively reduce the permeability of damaged concrete, and also results in strength gain
in an initially fragmented conceetspecimen. UsingnCTwe show that the location of the
calcite precipitated maps onto the initial fracture network within the core and that calcite was
precipitated along the full length of the core (72 mm length).
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Figure 2X-CT visualisations of the concrete core, showing front % view relative to the base of
core. 3D reconstruction of the scan shows that fractures are present in the concrete, along
with voids and aggregate pieces (top left). Image segmentation allowedtiflevimid and

fracture space to be visualised greatment (top right, Cyan). Subtracting the post

treatment void space from the piteeatment void space allowed direct visualisation of the
location of calcite in the fracture network (lower image, Pink).
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Abstract

Conventional ground improvement techniques are energy intensive, highly invasive and
require the introduction of environmentally damaging chemicals or carbon intensive materials.
There is a clear need for tllevelopment of sustainable, lesarbon technologies for ground
improvement. Recently, geotechnical engineers have started to consider bichagedl
solutions including engineered vegetation, biopolymers, andmeralisation (e.qg.
microbially inducedtarbonate precipitation) for ground improvement. At the University of
Strathclyde, we are investigating the use of fungal networks for ground engineering
applications. Fungi produce hyphae, long filamentous structures which collectively are called a
mycelum. Mycelia can grow to vast sizes, with individual mycelium (in forest floors) covering
areasupto9kA Yy b2 NI K ! YSNAOI ® !'a &adzOK GKSNX Aa 3IN
earth infrastructure applications over vast areas.

This study investiges the influence of fungal hyphae growth on erosion behaviour. Jet erosion
tests were performed on sands inoculated with different fungal species: Pleurotus ostreatus,
Trichoderma harzianum, Mucor racemosus with periods of incubation up to 9 weeks. Laser
scans were carried out to determine the total eroded soil volume and final geometry. Results
show that fungal treatment significantly reduces soil erodibility compared to untreated control
specimens. Growth behaviour varies for different fungal and aisssuoo does the protection
offered against erosion: some species form dense mycelium mats at tzér soierface
whereas other species prefer to penetrate deeper into the soil providing reinforcement with
depth. Our results demonstrate the great pdiahof fungalbased technologies as low cost,
minimallyinvasive techniques for ground improvement.

Introduction

Conventional ground improvement techniques contribute to globae@@sions, directly and
indirectly. It is estimated that there are appiraately 40,000 soil and ground improvement
projects, carried out annually worldwide, at a total value over US$6 billion [1]. Conventional
ground improvement includes: (i) mechanical techniques, i.e. compaction, external loading,
construction of drains orhe introduction of reinforcement; (ii) chemical techniques that
involve the introduction of chemical reagents to produce soil binding products and or fill pore
space, (iii) thermal techniques (heating/freezing) and (v) electrical techniques (e.g- electro
osmosis). These processes are often expensive, energy intensive, highly invasive and require
the introduction of environmentally damaging chemicals or carbon intensive materials.
Chemicals (including cements) often used for soil improvement are toxicbagato soll
organisms and groundwater (e.g. resulting from high pH plumes induced by cements).
Furthermore, the production of cement, which is widely used in ground engineering, is the
third largest source (estimated to contribute ~5%) of global antlyepc C@emissions [2].
There is a clear need for the urgent development of sustainableddvon technologies for
ground improvement.

In a bid to find alternatives to traditional ground engineering techniques, geotechnical
engineers have in the last jgars begun to actively collaborate with geochemists and
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microbiologists to investigate bgeo-chemical approaches to modifying the hydraulic and
mechanical behaviour of soil [3, 4, 5], with the creation of the new subdiscipline
biogeotechnicsMuch of he research in this area to date has been focused on bacterial
biomineralization and in particular on the process of microbially inducing calcite precipitation
via ureolysis using the bacteriuUs pasteuriiThis process has wide rangayplications for

soil stabilisation, erosion control, rock fracture grouting, concrete and building repair [6,7,8,9].
On the basis of this success, we should continue to explore the potential for the deployment
of other microorganisms in ground engineering

Over the last four years at the University of Strathclyde we have been investigating the
influence of multcellular fungi on soil behaviour. Muttllular fungi grow via the
development of hyphae. Hyphae are elongated, tubular structures, consistingoater cell

wall made up of polysaccharides (chitin). Hyphae possess high mechanical resistance due to
their structural configuration such that some species are capable of boring through rocks and
hard mineral substrates [10, 11]. Hyphal diametersedmgjween 1¢ 30 um and lengths can

span from several microns to several metres [12]. Hyphae of filamentous fungi can branch into
multiple hyphae and can anastomose, creating a massive -dimensional vegetative
structure called the mycelium.

Studies byoil and agricultural scientists have observed increased size of aggregates formed in
soils inoculated with fungi and enhanced resistance to breakdown upon wetting, for a range
of different fungal species, e.g. [13, 14]. There are three main categomescbhfinisms by
which fungi can contribute to soil aggregate stability: (i) Biophysical, (ii) Biochemical and (iii)
Biological mechanisms [15]. We propose that fungal growth could thus be engineered to
promote binding of soil particles and enhance soil t&sit® to erosion.

In this study the influence of fungal inoculation on the erosion behaviour of sandy soil is
investigated via Jet erosion tests. These results show that fungal treatment can reduce soil
erosion and hence could be a promising newdost £chnology for erosion protection.

Materials and methods
Fungal treatment

-~ & ivan ~ X

Fig 1. Radial hyphal developmenfoharzianum.

In this study the fungal specidsichoderma harzianumas selected for treatment of the soill
specimensT. harzianums a nonpathogenic saprotrophic fungus, i.e. it degrades organic
matter, and is known to be capable of altering surface wettability [16]. It is also used as a
biocontrol agent to suppress d&se causing fungal pathogens in agriculture [17]. Figure 1
shows the typical radial hyphal growthTofharzianumextending from a central inoculation
point in a mixture of sand and leaf litter. It has a fast growth rateifi/tiay) and forms a
dense mas of hyphae at the surface and throughout the soil.
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To inoculate the soil specimens, a fugal treatment suspension (FTS) was prdpared.
harzianumwas cultivated in 5enL malt extract broth at 26 / T2 NJ F2dzNJ Rl @ & LJIN
preparation. The mass ofirfigal hyphae was then extracted from the broth solution using
sterilised tweezers, rinsed in sterile distilled water, and placed in a blender with 100mL sterile
distilled water and homogenised (i.e. blended). This produced the FTS containing fungal
hyphaeand spores.

Specimen preparation

All specimens were prepared under sterile conditions, using autoclaved soil, solutions, and
glassware. Soil specimens were composed of sand with a particle sizen B6d with 5%

leaf litter by mass. For the contrgeximens, 80@ of the soil mixture (sand + leaf litter) were

then mixed with water and compacted into the 1®0n diameter x 100nm high mould,
achieving an initial degree of saturation of 50%.

In the fungal treated specimens, 5ml of FTS was miitbdhe uppermost 20@ of soil before
compacting into the mould, i.e. the top 25% of soil was fungal treated. In these samples, water
was replaced with malt extract broth, to give the same initial degree of saturation of 50%, to
test the performance otiingi in conditions that gave adequate access to nutrients for growth.
Specimens were left to incubate at@3 F2NJ o ¢SS aod

Jet Erosion Test

Figure 1 shows the JET apparatus constructed at the University of Strathclyde based on the
mini-FJET apparatus dgsis of [18]. It consists of an acrylic jet tube (50 mm dia, 920 mm length),

a nozzle plate with an orifice of diameter 6.4 mm, a deflector plate with handle control and a
300 mm high x 300 mm in diameter submergence tank made of transparent acrylic pheestic
apparatus is supported by screw rods and acrylic sheets and can be easily dismantled and re
assembled. A mould holder is provided at the bottom of the submergence tank for fitting the
soil specimen mould. The soil specimen mould is 100 mm highmri@bameter, and made

of acrylic. Inlet valves at the bottom of the submergence tank are used for draining and filling
the tank; and at the top of the jet tube for filling the tube and maintaining a constant hydraulic
head. A graduated thin rod (&3mdia) which can pass through the jet nozzle, was used as the
point gauge. The Jet erosion test (JET) imposes a submerged impinging jet on to the specimen
surface which induces erosion/scour; the shear stress imposed on the soil surface is controlled
by thehead of water in the Jet tube (measured relative to the water level in the submergence
tank). Erosion continues until equilibrium is reached at a given head. Measurements of scour
depth were recorded over a period of 60ns at each head or until all sehs washed from

the specimen mould. The head in the jet tube was then increased. The surface of the soil
specimens after erosion at each head was then scanned using a 2D/3D scanCONTROL 2700
100/BL laser from Micr&psilon. Data were exported as ASC#l fidefurther processing using
CloudCompare, a 3D point cloud open source processing software. In this software, the initial
specimen surface was used as the reference against which the subsequent eroded volumes
were determined.

Figure 3 presents the curdative percentage soil volume eroded against head determined
from the laser scanning data, for both the control and fungal treated specimens. It is evident
that the % soil volume eroded is greatly reduced by fungal treatment. For the control specimen
(sand+ 5% leaf litter) 100% of the soil volume is eroded when the head of water in the jet tube
is increased to 56m, whereas for the fungal treated specimens subjected to a jet at the same
head, only 14% of the soil volume was eroded.

Resultsand dscussio
Figure 4 presents the surfaces of the soil specimens at the beginning of the test and after
erosion at heads equal to IBn and 25cm. In the control specimens as erosion progresses,
almost all soil volume down to a given depth is removed, due to tresmriless nature of the
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soil. Whereas in the fungal treated specimens, due to binding of the soil particles, as a result
of enmeshment by fungal hyphae, soil removal occurs only in a central hole directly under the
impinging jet; this is more representaivf the behaviour exhibited by cohesive materials.
Indeed, the fungal treatment has transformed the soil from being a very erodible material to
being moderately resistant to erosion.

/ l _—Jet tubte 0620mm L)

&
= 3

Al - Defl ector pl a

Jet nozzle plate

Submergence €t ad&@0HmdO

Soil specimer; mba0Owm(]l

Figure 2. Jet erosion test apparatus at University of Strathclyde
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Figure 3. Cumulative soil volume eroded (%) against headrivol and fungal treated
specimens.
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After erosion After erosion
Initial soil surface at head = 10cm at head = 25cm

Control

Fungal treated

Figure 4. Specimen surfaces for control and fungal treated specimens: (i) at start of tests, (ii)
after erosion at h = 10cm, and (iii) after erosion at h =25cm.

Conclusions

This study has demonstrated that inodida of a sandy soil witfi. harzianunctan greatly
increase its resistance to erosion. Fungal treatment of soils shows potential as@stiow
technique to reduce soil erosion in fragile environments, e.g. after wildfires, to mitigate against
aeolian desdification and to prevent shallow landslides.
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Abstract

Malawi is a developing country in the Stdtharan Africa with 84 % of population living in rural
areas. The socieconomic status of the population is characterised by low income and poor
housing structures that are vulnerabtertatural disasters. The construction industry in Malawi
uses Ordinary Portland Cement (OPC) and Portland Pozzolana Cement (PPC) produced with
high clinker factor. Limestone Calcined Clay Cemedt ig.@lready proven to be cesffective

and sustainable material. However,3lLoduction in Malawi is not exploited due to lack of
guidelines on product formulations, strength, and durability. Replacing OPC %éthsuf@s

more durable and resilient construction and reduces €Xssions from OR&oduction.

In this study, strength properties of limestone calcined clay cemefit ilL®™alawi were
investigated to explore potential replacement for Ordinary Portland cement (OPC). The raw
materials of L8&vere characterised usingry fluorescence (dRanalyser. Theday and 28

day compressive strengths of*{8D and L&40 were investigated with varying calcined clay

to limestone (CC/LS) ratios of 1:1, 2:1 and 3:1) and water to cement (w/c) ratios of 0.45, 0.5
and 0.6. The results revealed that460 achieved maximum compressive strength of 39.2 MPa
with 0.5 w/c ratio at CC/LS ratio of 2:1. On the other hand4@Ghowed maximum strength

of 31.9 MPa with 0.5w/c ratio at CC/LS ratio of 1:1. The strengti*-6DL\Zas comparable

with the required stengths for Portland Pozzolana cement BPG) while LE40 met
requirements for masonry cement (MC 22.5).

It is anticipated that l"®roduction could foster job creating in the srsalhle mining sector.

This work has the potential for enormous benefitthhe SubSaharan Africa and is aligned with

the UN Sustainable Development Goals (SDGs) in developing sustainable and resilient
materials.

Introduction

Malawi is a landbcked country to the east of the Sub Saharan Africa. It is located within East
Africa lift system that is prone to natural hazards such as earthquakes. Malawi is one of the list
developed countries with prevailing poor socio economic condifibjnsThe construction
industry in Malai uses Ordinary Portland Cement (OPC) produced from clinker. The
consumption of cement is around 370,000 tonnes per anfijnDue to the poor economic
status of the country, majority of locals do not afford cement, a situation that has resulted into
poor infrastructure that is vulnerable to natural disasters.

Limestone calcined clay cement Y_Bas been proven to be lewost and a potential
replacement of Ordinary Portland Cement (OBC)The literature[2] shows that there is
availability of large quantities of naturally occurring minerals in Malawi to produeso&iw

and sustainable limestone calcined clay cement).(IReplacing OPC with lawst LE will

ensue more durable and resilient construction and also reducee@@3sion emanating from

OPC productiof8, 4}

This study aimed at investigating properties of limestone calcined clay cement in Malawi as a
low-cost and sustainable construction material3 Ww&s developed from the locally available
clay and limasne at 50 % and 40 % clinker factors. A series of tests were performed to
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establish compressive strength of*150 and L&40 produced from the local clay. The
maximum strength was determined by varying calcined clay to limestone (CC/LS) ratio and also
water to cement (w/c) ratios. The acquired strengths éfele compared with specifications

for Portland pozzolana cement (PPC) and masonry cement (MC 22.5) in accordance with EN
197-1 and EN 413, respectively in order to assess the potential applicatidr€ in Malawi.

Materials and methods

Raw Materials

The materials for manufacturing1\@ere clay, limestone, clinker and gypsum. Clay soil was
collected from Lithipe in the central Malawi. Limestone was obtained from the mining site in
Balaka, Southar Malawi. Clinker and gypsum were obtained from the local cement
manufacturing company. Limestone, gypsum and clinker were ground in the laboratory to
produce powder. Clay soil was initially pulverised and sieved using 75 um sieve. Calcined clay
was produed by static calcination process of a clay sample of total mass of 50 ¢°ati@Qd
laboratory muffle furnace for 30 min. The cement constituents were analysed Xigiyg
fluorescence (XRF) analyser and the results are shown in Tablel.

Table 1XRF analysis ofigonstituents
Element composition (%)

Compound Clinker Clay Calcined Limestone Gypsum
Clay
N&O 0.03 0.009 0.003 0.003 0.003
MgO 4.00 0.12 0.20 9.20 4.80
ARLOs 7.35 29.44 36.03 1.65 1.90
SiQ 34.07 48.15 46.71 6.45 1.50
P.Os 0.36 0.06 0.06 0.034 0.00
SQ 1.19 0.06 0.83 0.34 52.5
Cl 0.03 0.007 0.004 0.002 0.005
KO 0.65 0.3 0.35 0.05 0.01
CaO 52.17 0.44 0.71 47.26 32.01
TiQ 0.3 0.40 0.43 0.057 0.02
MnO 0.004 0.02 0.022 0.018 0.004
Fels 2.58 2.9 3.35 0.61 0.07
LOI 0 18.09 11.30 34.32 7.17

Specimen preparations

Two cement samples namely,2180 and L&40 were manufactured in the laboratory. The
composition of LE50 by mass comprised of 50 %chifiker, 45 % of combined calcined clay

and limestone and 5 % of gypsum. On the other hafdQ.Composed 40 % of clinker, 55 %

of combined calcined clay and clinker and 5 % of gypsum. Calcined clay and limestone were
mixed at the ratios of 1:1, 2:1 andL3

For each calcined clay and limestone ratio, the specimens for compression test were prepared
at (w/c) ratios of 0.45, 0.5 and 0.6. Three mortar cylinder specimens were prepared using
standard sand and were tested after 7 days and 28 days of curinggaccording to EN 196

1. Eighteen (18) laboratory mixtures were prepared for both4DCand L&E50. The
experimental programme for mix designs is summarised in Table 2.
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Table 2: Experimental mix designs for compressing tests

Mix No Clay/Limestone ratio (CC/LS) Water/Cement ratio (w/c)
1 1:1 0.45
2 1:1 0.5
3 1:1 0.6
4 2:1 0.45
5 2:1 0.5
6 2:1 0.6
7 3:1 0.45
8 3:1 0.5
9 3:1 0.6

Results and discussion
Variation of compressive strength with calcined clay and limesatios (CC/LS)

The variations of 28ay compressive strength of&D and L&40 with CC/LS ratios at various
w/c ratios are shown in Figute

a5
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11 241
Calcined clay -Limestone ratio

(c)
Figurea: Compressive strength after 28 days of curing (a) 0.45 wi/c (b) 0.5 w/c (c) 0.6 w/c

It is noted that at 0.45 w/c ratio, compressive strength reduces with an increase in CC/LS ratio
for both L&-50 and L&40. The maximum compressive strengths fé¥3Cisshown to be
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36.8 MPa with 0.45 w/c ratio at CC/LS ratio of 1:1, 39.2 MPa with 0.5 w/c ratio at CC/LS ratio
of 2:1 and 30.6 MPa with 0.6 w/c ratio at CC/LS ratio of 3:1. On the other h&40, 4{@ws
maximum strength of 22.3 MPa with 0.45 w/c ratio atlSktio of 1:1, 31.9 MPa with 0.5

w/c ratio at CC/LS ratio of 1:1 and 29.1 MPa with 0.6 w/c ratio at CC/LS ratio of 3:1. The lowest
strength is indicated to be 5.1 MPa with 0.45 wi/c ratio at 3:1 CC/LS ratio and is attributed to
low workability of cemenmixture that renders it difficult to be properly placed in a mould and
this in turn increases porosity of hardened mortar and ultimately reduces stréngéi

Further, mix design of 3:1 CC/LS ratio has high clay content which is associateidhwith
pozzolanic activity that produces a significant reduction of portlandite level in liquid phase of
the cement mortar. The activated clay therefore does not develop all its pozzolanic activity to
generate hydration products due to insufficient Ca¢@Enhce low strength is developéd.

In addition, water in excess of the amount required for hydration causes segregation of
aggregates in the cement mortar mixture. When free water evaporates, it leaves pore spaces
in the nortar that cause a decrease in stren@fih8, 9] It could be deduced from the results

that each mix design had different favourable watement ratio. L&40 was expected to
exhibit lowerstrength irrespective of calcined clay and limestone content. This was attributed
to the reduced amount of clinker available for hydration.

Comparative analysis ofisfrengths with specifications for PPC and masonry cement

The comparison of EGtrengths with PPC and masonry cement (MC 22.5) specifications is
shown in Tables 33c in order to assess the potential of k& application in the Malawian
construction industry.

Table 3a: Compressive strength ofdt®.45 w/c ratio

Specificati

Type of LE on R

Properties =N oA
P LCG-50 LC-40 PPC MC 22.5
111 21 31 111 21 ?L

Compressive
strength 7 days 283 176 1: ' lg | 112 ?; me 10
(MPa)
Compressive 36. 25 14 22 15. 5. X O H X22.5
strength 28 day: 8 0 5 3 3 1 X nH X OHC

(MPa)

Table 3a shows that at 0.45 w/c ratio®-6G with CC/LS ratio of 1:1, met requirements for PPC
while LE-40 met requirements for masonry cement (MC 22.5). Table 3b indicates that at 0.5
w/c ratio, LE&50 met requirements for PPC for all CC/LS ratios wiikOL@et requirements

for MC 22.5. Table 3c shows that at 0.6 w/c ratio and for all CC/LS ratios, ¥6thand L&

40 met requirements for MC 22.5.

Conclusion

The investigation revealed that stigth of LEin Malawi is comparable with the required
strengths for PPC (32.5) and MC 22.5:90Ccould achieve strength of more than 32.5 MPa
and L&40 could achieve strength of more than 22.5 MPa. The acquired strength indicated
high potential of LEfor application in Malawi and S8aharan Africa in order to realise
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resilient and sustainable constructiatigned with the UN Sustainable Development Goals
(SDGs).

Table 3b: Compressive strength of &t@®.5 w/c ratio

Specificati e
Specification
Type of LE on EN 4131
Properties EN 1971
LC-50 LC-40 PPC MC 22.5
111 221 31 111 221 31
Compressive
strength 7 days 295' 219' 2;. 287. 21 1;1' M C X 10
(MPa)
;‘r’er?]zrtﬁszsé"gaw 35. 39. 34.  31. 24. 22. % 0 H %22.5
(MPa) 6 2 5 9 7 4 X n XX OHC
Table 3c: Compressive strength ofat®.6 w/c ratio
Specificati Specification
Type of LE on EN 4131
Properties EN 1971
LC-50 LC-40 PPC MC 22.5
1.1 21 31 1.1 2.1 31
Compressive
strength 7 days 1:’ 20 Zé). 175' 22' 20 MC Ok 10
(MPa)
;?é?]giﬁszgedaw 27. 28. 30. 25. 23. 29. X O H %22.5
(MPa) 6 3 6 9 3 1 X n X OH
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Abstract

Environmental and sustainability concerns have driven the building industry to develop new
and more durable sustainable building materials. Much attention has been focused on the
utilisation of biebased lignocellulosic materials for sustainable coostm with low thermal
conductivity and high hygrothermal efficiency as well as desirable environmental
characteristics such as sustainability and renewability. The development of nanotechnology
and nanomaterials offers an opportunity for the developmehinoovative, durable and
multifunctional building materials. In this study, the combination of the hemp aggregates with
natural matrix materials results in exceptionally low thermal conductivity and high
hygrothermal efficiency compared to conventionatenials of construction as a result of their
microporosity and breathability. In addition, the developed-Haised composites with
nanotechnology improve resistance to liquid water and protect the hemp shiv from
biodegradation without impacting the naturability of the shiv to buffer moisture vapor.
Hempconcrete and novel Hemprganic composite have been studied and compared.
Measurements of the thermal conductivity of helmpmposite panels are described which
confirm their highly insulating propertiesdygroscopic testing demonstrates their
effectiveness in absorbing and releasing moisture. The thermal and hygroscopic performance
of hempcomposite panels in test cells is reported together with their application in
construction. The life cycle assessmehthempcrete and hemp organic composite were
performed. This study is part of the output of the ISOBIO programme supported by the
9dzNRB LISHY ' YA2Y [ 2NRART 2y Hauwn LINRBINIYI GAGKAY
Energy Efficient Buildings.

Introduction

Using environmentdtiendly and sustainable blmased plant aggregates as raw materials for

building insulation and construction is a new approach to address climate change and

reduction in carbon dioxide emission. Thelmised insulation materials caorin a breathable

wall by readily absorbing and desorbing moisture in response to changes in relative humidity

(RH) and vapour pressure gradients in the surrounding environment. They can act as a hygric

buffer, reducing the energy requirements of air coiodiing and increasing the comfort of the

occupants in the building. Tran et al. reported the hierarchical cell wall structurelzdsd

plant aggregates resulted in good air tightness and minimal thermal bridging of the building.

They have huge potentito be used in mainstream building insulation industrial [1]. Collet et

al. reported the hemp concretes are excellent hygric regulators and the total porosity and

manufacturing method have a slight effect on the hygric performance of hemp concrete [2].

Although the biebased plant aggregates have drawn great attention, thebased plant

aggregates are still needed to be developed for the bio decay. Because-tiesdibplant

aggregates formed by Cellulose -48%6), hemicellulose (18%) and lignin (226%), which

are moisture sensitivity. The amount of moisture in the aggregates normally resulted in
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microbial growth causing degradation of the aggregate cell wall and deterioration of the
composite durability. The development of nanotechnology offers pportunity for the
development of innovative, durable and multifunctional building materials. Previous research
showed that the developed bimased composites with nanotechnology improving resistance
to liquid water and protecting the hemp shiv from biogeation without impacting the
natural ability of the shiv to buffer moisture vapour [3]. Some of the approaches include
addition of silanes, acetylation or in situ polymerization that involve chemical modification of
the aggregate cell wall to enhance tmgdrophobicity of planbased aggregates and prevent
materials from fungal, damp and keep their durability [4, 5]. However, there is limited
knowledge on the impact of narwmating on hygrothermal and moisture buffer value of the
modified biecomposite ad bio-composite panel, which have been developed for sustainable
construction with low thermal conductivity and high hygrothermal efficiency. Moreover,
environmental assessment is required to make a strategic decision related to the use of these
bio-basedmaterials instead of their fosdihsed ones. This work compared the MBV value,
water absorption and vapour permeability of untreated hemp composite and treated hemp
composite. The thermal and hygroscopic performance of hesngposite and hemp
composite paels in test cells is reported together with their application in construction. The
life cycle assessment (LCA) of hempcrete and hemp organic composite were performed.

Materials and methods

Two sets of hemp organic composites were developed consisting afntreated hemp
composite: raw hemp shiv aggregates anddaieed binder; and (ii) Treated hemp composite:
modified hemp shiv aggregates using a hydrophobierpegment and biebased binder.
Generally, the sajel process was followed. 0.015M of &éacyltrimethoxysilane (HDTMS)

was added to the above mixture as the hydrophobic agent. The hemp shiv aggregates were
dipped in the sol for 10 mins, transferred to an open tray and then dried at room temperature
for one hour. Finally, the hemp shiv aggtegavere placed in an oven at 80 °C for one hour.
For preparation of the composites, the mixture of the constituent materials was placed into a
steel mold of desired dimension and compacted at 0.5 MPa using a hot press (PressMasters
40T GEM series). Thepgy and lower plates were then heated to 180 °C and the temperature
was maintained for one hour.

The specimens were demolded after cooling down to room temperature and then transferred
to a conditioning room at 19 °C and 50% relative humidity. Thedetatoisture buffering

test, vapour permeability test and water absorption test can be found in our previous
publications [5]. The hemp organic composite which is the subject of this study was developed
as part of the EU funded ISOBIO project and th@BIIS wall systems and four reference walls
were monitored at test facilities in the UK and Spain, for the purpose of measuring thermal
transmittance using the Heat Flow Meter method to ISO 9869, and comparing results with
calculated Wralues to ISO 6946.ehted hemp shiv as a boased composite wall with thermal
transmittance Wvalue of 0.15 W/mK is compared to two other walls with samevalue,

which were a wall made with untreated hemp shiv and a reference cavity wall constructed
using traditional mamry techniques. Damage to the terrestrial ecosystem due to land use,
acidification, photochemical ozone formation, ecotoxicity, water use and climate change were
included. Potentially disappeared fraction of species (PDF), as a damage to the terrestrial
biodiversity, integrated over area and time iAynwas analysed for the functional unit of one

kg of hemp shiv and sgkl produced and subsequently per one square meter of insulation
wall with a Uvalue of 0.15 W/hK for one year of its service life.
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Results and discussion

The MBV of the usual building materials reported in literature is shoviAilgurel and
compared with the MBV obtained for the organic hemp composites. It can be seen that the
prepared hemp organic composites show excellent magbuffering capacity. The MBV of

the both untreated and treated hemp composites is higher than hemp concrete reported in
literature (1.752.15 g/n*.RH) [1, 2]. The high hemp shiv binder ratio in these composites result
in lower density and thereby enhangitheir vapour permeability.

Treated hemp composite
Untreated hemp composite
Hemp lime

Hemp concrete (sprayed)
Cellulose insulation

Wood fiberboard

Cellular concrete

Gypsum plater

Concrete

0 0.5 1 1.5 2 25 3 35 4
MBV (g/m2.RH)

Figure 1. Moisture buffer value of general building materials vs the hemp organic composites
[1-3]

The composites show promising results as seen in Table 1, behaving as a good vapour
permeable material. It can be sefsam the results that hydrophobic treatment of hemp shiv

did not affect the vapour permeability of the material.-Based aggregates such as hemp shiv
have very high porosity and as a result they have very low water vapour resistance. On the
other hand, slid concrete has a very high water vapour diffusion resistance factor at about
130 while for hemp concrete it ranges between 5 and12.

Table 1. Vapour permeability results of the hemp organic composites

Untreated hemp Treated hemp
Parameters composite composite

Wet
Dry cup Wetcup Drycup cup

Water vapour transmission rate, g (mg/h  6343.75 9833.33 7224.3 9605.6
Water vapour permeance, W (mgfimr Pa) 4.72 8.13 5.37 7.94
Water vapour resistance, Z{tr Pa/mg) 0.21 0.12 0.18 0.13
Water@ | LJ2 dzNJ LISNXY St 6 A+t 0.09 0.16 0.11  0.16
2 SNJ @I LI2dzNJ NBaAa 754 4.37 6.62  4.48

The water absorption results are presented in Table 2. The untreated hemp composite shows
higher values for WA and WA% due to the absence of hydrophobic silica treatment on hemp
shiv in the composites. The hydrophobic treatment significantly reduced they\&@% and

the WA% reduced by 123%. High sensitivity to moisture can be responsible for colonial fungal
growth leading to cell wall degradation and affecting the durability of the material. High water
absorption capacity can also affect the manufactumpglity of the final product if it
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encounters water or is exposed to humid surroundings. The silica treatment used in this
research reduced the hydrophilicity of hemp shiv as seen with the water absorption tests
making them water resistant and less susit#@tto degradation.

Table 2. Water absorption measurements of the hemp organic composite panels

Sample Water Absorption (kg/f) Water Absorption (%)
Untreated hemp composite 22.11 0.7 221.10+1.3
Treated hemp composite 11.04 £ 0.6 98.02 +3.5

Figure2 shows a comparison of the measuredrdlue of the ISOBIO Ndwild panel,
compared with the Reference Ndwild cavity wall. The results show a 65 % reduction in
thermal transmittance of the ISOBIO panel compared with the-iNgab cavity wall. lve
consider the ISOBION@wdzA f R LI y St Qa Y2A a0 dz2NBE o0dzZFFSNAy 3
relative humidity, we can see that the panel offers superior performance compared to the
Reference cavity wall.

Demonstrator: HIVE, Wroughton, UK

Cell: 4 1ISOBIO new-build panel

Data set: measured U-value of ISOBIO N-B panel vs. N-B cavity wall
Period: 24/02/2018- 14/03/2018

Interval: average hourly
0.900

Measured U,
ISOBIO N-B
[hourly]

Measured U, ISOBIO N-B panel = 0.169 W/m2-K
0.800 Measured U, N-B cavity wall = 0.490 W/m2-K
Reduction ISOBIO over Ref. = 65 %

————— Measured U,
ISOBIO N-B
[ave]

0.700

0.600

0.500

Measured U,
N-B cavity

0.400 [hourly]

U value [W/m2 K]

0.300

----- Measured U,
N-B cavity
[ave.]
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Figure 2. Measured-ialue of ISOBINew-build panel vs. Reference Ndwild cavity wall,
HIVE, United Kingdom

Figure3 below shows the relative humidity in Cell 4 (ISOBIOGNéd/ panel) compared with

Cell 1 (Reference Newwuild cavity wall), during the same period (24/A21/03). The ISBIO

panel in Cell 4 helps maintain an average RH of 42 % (within the optimum comfort range for
indoor relative humidity), while in Cell 1, the Newld cavity wall (being vapour
impermeable), does not allow water vapour to dissipate, and RH remaingatrage of 72

%. The ISOBIO External retrofit system reduced thermal transmittance by 55 % (UK) and 71 %,
(Spain), in comparison with their respective reference walls.

Carbon footprint of one square meter of a wall, using treated and untreated hemp shiv wa
calculated using the IPCC 2013 GWP 100a method. The results based on mass allocation and
untreated hempcrete wall are shownhigure4. Using economic allocation, the total carbon
footprint of one Nt of treated hempcrete wall (for its entire service)lis 24.65 kg G@q and

22.51 kg C&eq based on endf-life treatment as composting and landfilling, respectively.
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Demonstrator: HIVE, Wroughton, UK

Cell 4 1ISOBIO new-build vs. Cell 1 Ref. New-build cavity wall
Data set: internal relative humidity

Period: 24/02/2018- 14/03/2018

Interval: average hourly

Int. RH, Cell 4,
ISOBIO N-B
panel

Int. RH, Cell 1,

Relative humidity [%]
~N
o

65 4 % " Ref. N-B cavity
;
60 ¥ Avg. RH, Cell 4, ISOBION-B panel =42 % wall
55 ¥ Avg. RH, Cell 1, N-B cavity wall = 72 %
50 § i
45
35
30
S & ) D D 3 & <3 D S &> & N @ S ® D N 2 1 -
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Figure 3. Average internal relative humidity of Cell 1 (ISOBI®WNevpanel) vs. internal
relative humidity of Cell 1 (Reference Newild cavity wall), HIVE, United Kingdom

130 Reference wall 122.71
110
90
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-30 ® Untreated hemp shiv " Treated hemp shiv. @ Reference wall

Figure 4. Carbon footprint of Brwalls for their entire service life. EA and MA show the
results based on economic and mass allocation. S1 and S2 are waste scenarios (S1:
composting hemp shiv and landfillingtrest, S2: landfilling all the materials)

Conclusion

In this work, vapour permeability and Nordtest results validate that hemp shiv composites
retain their hygroscopic and moisture buffering ability even after hydrophobic treatment of
the aggregate. The silica treatment reduced the hydrophilicity of hemaashieen with the
water absorption tests making them water resistant and less susceptible to degradation. The
UK monitoring results show that the ISOBIO-beild panel is a higherformance composite

wall system, with a very good correlation betweenuwated and measured values and a rear
zero performance gap. The data suggests thatbbsed materials, when combined in a
structural insulated panel with an air barrier, can provide predictable performance and high
thermal resistance that will reduce hewj and cooling energy consumption at building scale.
The LCA results showed that using treated hemp shiv with sol gel can decrease the carbon
footprint of a building envelope through carbon sequestration.
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Abstract

There is an increasing demand for concrete in the construction industry globally. The use of
locally available Supplementary Cementitious Materials (SCM) such as Rice HRBAA& (
considered an innovative strategy to lower the cost of cement production as well as promotion
of environmentally friendly methods of waste disposal. This study presents the preliminary
findings on the evaluation of the reactivity of selected RHIACaicined Clay (CC) systems as
potential SCMs for blended cement production. Different RHA/CC mixtures were formulated
and subjected to chemical, mineralogical analysis and pozzolanicity analysis, as well as
compressive strength tests using 40 mm x 40 xii80 mm mortars prisms. Results showed
that locally sourced RHA and CC were highly pozzolanic, providing the viable alternative
materials for concrete production in Kenya.

Introduction

More than half of the world population live in cities. It is estimaltat by the year 2050, two
thirds of all humanity 6.5 billion people will be living in urban aregd]. Sustainable
development cannot be achieved without significantly transforming the way we build and
manage our urban spaces K S L2 LJdzf | A2y 2F GKS g2NI RQ& dzNDb
people per day, all of whom need affordable housing as well as social, transportation and utility
infrastructure. Hence there is an increasing demand for sustainable construction materials
globally[1]. Concrete has been the most used construction material gl¢Bgliyhe potential

of the use of CC blended with RHA in cement production and use ieteomas not been fully
explored in Kenya. To achieve this, the reactivity of thRRAblends required to be assessed.
The present study therefore aimed at the evaluation of the reactivity of selectedCRHA
mixtures for mortar production.

Experimental

Materials

¢KS Ofl & gl a 200FAYySR FTNRY aH]HNBSQAYnNn 6beé&SN
800°C for one hour to form the Calcined Clay (CC). Rice Husk (RH) was obtained from a rice
processing plant (Mwegq Kenya). The RH was incinerated at 8Ddor 24 hours using a
standard fixed bed kiln to obtain the RiZ&mmerciaPortland Cement (PC) usedhis study

was procured from East African Portland Cement Company Ltd (EARGIRIiver, Machakos
County in Kenydhe PC conformed to ASTM C 150 Type 1 (42.5 N/néRay Fluorescence

(XRF) analysis was conducted on clay, RHA and PC to determnickdhncal composition.
Thesum of Si@ AbOs and FeOs was found to exceed 70 %. Therefore both RHA and CC met
the KS 02 1260(1994) and ASTM C618 (ZjiR)ification for use as pozzolana/SONferent
proportions of CC, RHA and PC were mechanicalgdnm an automatic mixer to make a
formulation in nine batches varying proportions of CC, RHA and PC, as summarized in Table 1.
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Materials and methods

Pozzolanic activities of the test RBBPC blends (marked as seried) vere evaluated using
the saturated lime test metho[B]. Mortar prisms measuring 160 mm x 40 mm x 40 mm for
different binders (series-Q) were separately cast at water/cemeatio (w/c) of 0.50 and
cured in water in accordance with the EAS-14800) specifications. The compressive
strength for the mortars was determined on triplicate samples after 2, 7, 14 and 28slags,

a uniaxial compressive machine.

Table 1. Samelseries and their composition
Blend Composition (% w/w)

Sample Portland Cement (PC) Rice Husk Ash (RF Calcined clay (CC
Series 1 100 0 0
Series 2 50 50 0
Series 3 50 0 50
Series 4 50 40 10
Series 5 50 25 25
Series 6 50 10 40
Series 7 40 50 10
Series 8 40 35 25
Series 9 40 10 50

Results and Discussions

Pozzolanicity

The quantity of Ca(OH the test cement solution containiHACGPC blend$rom each

series was assessed in terms of the concentration of CaO amad @iférent curing ages as
represented Figure 1 and Figure 2 respectively. In principle, the lower the resulting quantity of
CaO and OHthe higher the pozzolanicity and vicesze

From Figure 1 and 2, it was observed that with the exception of series 1, there was a
progressive decrease in the concentratiorCafO and Ohh all the in series 2 to 9 for all the
RHACCPC blendswith increased curing age. The difference can kebated to the
differences in their cement hydration actions. In Hyelration of PC, thesS and &S phases
undergo hydration reactions to produce CH as shown in Equation I4nd 2

2C,S+6H- 3CSH+3CH (1)
2C,S+4H - 2CSH+2CH (2)

The CSH formed in Equation (1) and (2) is mainly responsible for strength development in the
cement based structures. The increase in concentrati@agf and Okh PC (series 1) can be
attributed to the production of CH with continued curing.

On the oher hand, a notabldecrease in concentration of Gahd CaO in all the oth&HA

CCPC blendqseries 2 to 9) which can be attributed to the consumption of CH during
pozzolanic reaction in RH#ended cements. Both RHA and CC contains amorphous silica and
alumina and therefore exhibits pozzolanic propetids

The hydration of PC produces CH which reacts with silica and alumina prdsghtRHA and
CCduring thepozzolanic reactioras shown in Equation 3 and647];

CH+S+H- CSH 3)
A+H+CH- CAH (4)
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Figure2: Concentration of CaO in RBEPC blends

Increased curing period resultshiigher consumption of CH in pozzolanic reactions results in
progressive decrease in the amount of CH in the hydratedGGRL blendsnatrix. In
conclusionRHACCPC blends werund to exhibit pozzolanic properties.

Compressive Strength

The compresse strength results for various RIG&EPC blendst different curing ages are
shown inFigure 3. It was observed that compressive strength incresed with increased duration
of curing for all theRHACCPC blends. This can be attributed to the hydratiorctieas
occurring in the hydrated cement matrix resulting in the formation of CSH as shown in Equation
1 and 2 The reference nehlended binder (series 1) exhibited higher compresseve strength
than the otherRHACGPC blends. This can be attributed to thet that series 1 was neRC

hence contained the highest content of the clinker phaseS &nd &S ) which are mainly
responsible for strength in comparsion to the other serieRIGACCPC blends. Progressive
decline in compressive strength with increased substitution of PC with either RHA or CC was
noted. This could further be due to the progressleerease in the content of PC in RE@

PC blenddn conclusionthe KSEAS 18:-P001 requires that pozzolana cements should have a
minimum compressive strength of 32.5 MPa at 28 days of curing. In this studfHAGG

PC blendsepresented by serie®, 5 and 6 of th@HACCPC blendmet this requirement. The
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durability of series 3, 5 and 6 of tRRIACGPC blends was evaluated by subjecting the samples
to accelerated ingress chloride test.

50
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Compressive strength (MPa)

m 2 Days m7 Days 28 Days

Series 1Series 2Series 3Series 4Series 5Series 6Series 7 Series 8Series 9

Figure3: Compressive Strength Verses Various Binder {Rp$CCPC blends)

Conclusions
From the study the following conclusions were made:
1. Locally sourced RHA and CC were highly pozzolanic, providing the viable alternative

materials for concrete production in Kenya.
2. Only the RHACPC blend in series 3, 5 and 6 met the standard for use as blended

cements.
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Abstract

The interest in mycelium, the root network foingus,as a biomaterial for architecture
expandingas international research groups demonstrate the strength and durability of
mycelium composites as a replacement for traditional building materials [1][2][3][4].
Thetransitionto biocompositesystemsn architecture offers an opportunity to fundamentally
rethink material strategies moving away from Hmmogeneousto adesign approach that
tailors material properties to specific functional requirements [5].

Textile fabrication is ideallysuited to theproductionof highly specialiseoio-
compositesbecause the hierarchicahture of fabricpermitsvariable properties to be
incorporated within a continuous materfél.

Knitting in particularenableghis functionalisationlUsing knitthg processes, specific yarns
and fabric structure can providecalisedsites for mycelium growth. Knit scaffolds can be
designedn complex 2D and 3D shapes and knitted to shape with no waste. This research
outlinesthe design of series of experiment&hitted scaffolddested formyceliumgrowth.

The paper details how fabric structure impacts mycelium growth and resulting integrity.

The significance of this research is twofold; firstly the research demonstrates the efficiency of
the knitting process saa scaffold for mycelium growth with reference to specific knit
parameters.n addition, the research creates knowledge for potential upscaling with digital
fabrication techniques for architectural applications.

Introduction

The drive to net zero carbon requires a fundamental rethink of materials in the building sector,
and myceliurrbound bulk composites have come into focus as a low impact, sustainable
alternative to conventional bulk materiaMycelium,the root network offungus,as a living
2NHI YAAY A& RSLISYRSyd 2y ¢ 0SNE tAIKGEZ GSYLIS
therefore requires different fabrication methods comparedraaitional building materials.

This is particularly exploredfiorm of bricks, or panels shaped by growth in removable molds
and used to demonstrate mycelium acoustic or thermal insulation qualities [2][4][8{rdtagy

and seHsupporting structures in architectureowever, it is argued that a geometrical
assemblys the key aspect for creating stable structusasge mycelium itself is considered to

be a rather weak material [1][3][8The performance, therefore, is highly dependent on its
molding possibilities. Similarly, it is shown that mycelium compositgs@ade a wide range

of properties depending on the given food, fungal species and mixed inoculation medium
which results as bulk composite. [9][8][7].

In contrast to removable molds, introducing a textile form to scaffold mycelium enables both
shaping otomplex 3D structure and interaction with the material as reinforcement. This not
only saves processing steps and time but also enhances the tailoring of material's properties.
While mycelium as a surface treatment for textdaews the expansion on thedajities of the

textile like increased stiffness and water repelld6¢ya attan kagome weavieamework [10]

or filled cotton tubes [11}demonstrate the ability shape physical and aesthetical qualities by
using textilded methods for shapgeneration. Similarly, the Dynamic Assembly Lab suggests
a modular system for architecture generated by complex branched 3D knitted shapes on an
industrial machine [12]Here bndings and yarns are adjusted to r&tretch qualities for
molding purposes, fging on a small stitch size and synthetic yarns to generate a robust mold.
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Knitted fabric is composed of loops of yarn, and this construction processes produces inherent
multi-directional extensibility as the loops readily deform under ter{g¢i®h The fundamental

unit of knitting is the loop, therefore loop length is criticatietermine both fabric properties

and fabric dimensions. Knitted fabrics can be produced using a range of technologies, from
industrial 3D knitting machines to handknitting using needles, but handknitting remains the
most versatile production method inrtas of the range of yarns and the variation to loop
length achievable. Hand knitted samples can be produced from yarns with low/no twist, and
with very high linear density, neither of which is readily achievable using current industrial
technologies.

Despite previous examples which demonstrate successful application of fine gauge knitted
molds, research has also shown tloatse fibres encourage dense mycelium growth [IHis

paper, therefore, proposes the use of hand knitting, instead of machiti@dgnincorporating

lower twist yarns and lower density fabric structures within 3D knitted forms to investigate the
integrity of mycelium growth and lower gauge knitting.

Materials and methods

The aim of this research was to analyse mycelium growth on a range of experimental tubular
knitted scaffolds constructed from different fibre types to inform development of self
supporting textile biocomposites as preliminary studies for iacgée buildig composites.

Initial experiments determined how mycelium growth varied on different handknit scaffolds
and whether it results in lasting integrity for a biocomposite. Stitch density was explored in
initial samples, to ascertain if the tightness of aitainpacted mycelium growth.

Tests were undertaken using two fibre types; 100% merino wool, and 100% paper cellulose.
Fabric specifications are included within table 1. Fabrics were constructed using hand knitting
to produce seamless tubes. Knitted Tulese filled with barley straw (as a substrate) and
inoculated with spawn of oyster mushroom myceliudte(rotus ostreatus). Fabrics and
substrate were pasteurised through submersion in boiling water. After cooling the tubes were
filled with substrate andhie mycelium spawn applied to the exterior of the tube along with
millet acting as a nutrition source. During the growth stage samples were wrapped in plastic,
kept in dark conditions and left at room temperature (approximately 20°C). Samples were
grown inthese conditions for 26 days. After growing samples were air dried in ambient
conditions. All samples reduced in size after drying, with samples constructed from cellulose,
and samples knitted as a lower fabric density (ie using larger needle size) datman#te
highest dimensional shrinkage (table 1).

Figure 1: Mycelium Growth Experiments
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Table 1. Mycelium Growth Experiments

Fabricspecification Initial Resultant
W (wales) C Fibre . ) . . Resultant
. Dimensions Dimension .
(courses) Composition Weight
: HxD(mm) HxD(mm)
n (needle size)

1 18W25C (n3) Wool 105x45 96 x40 9¢g
2 18W25C (n5) Wool 180x55 150x50 209
3 18W25C (n3) Cellulose 130x45 110x38 139
4 18W25C (n5) Cellulose 185 x 68 140x50 239

Visual analysigcorded the level of mycelium growth observable on the outside of the knitted
samples, and this was analysed in reference to the transformation of the visible fabric
structure. Samples and 2 (wool) recorded minor changes to the surface of the fabrec, th
knitted stitches remained clearly visible. However mycelium growth on sampgled 8
completely covered the knitting, the greatest transformation was achieved on sample 4 with
the lowest stitch density. Using a digital microscope the integrity of tunigi was analysed
further in relation to the different yarn types. Figure 2,3, and 4, illustrate different ways that
the mycelium has interacted with textile fibres, suggesting the level of integration with the
fabric varied dependent on fibre type or gastructure.

/ P onll V.
Figure 2: Paper tape yarn: mycelium binds with yarn, high level of integration with mycelium

d 4 ' = ’ '.;".:—'-."‘?'* f{
Figure 3: Wool yarn: mycelium binds with individual fibres some disintegration of yarn
structure

Results and Discussion

From a textile design perspective, the observations regarding mycelium growth are significant
to determine yarn selection for experimental development into-sghporting textile
biocomposites. Using the findings of the initial tests, a series of 3rmegmeal 3D knit scaffolds

were developed. These complex forms were handknitted (needle size 5) using a cotton knitted
tape yarn, selected due to previous high level of integration between cellulose fibres and
mycelium. However to retain the integrity of tigarn structure, a knitted tape with high
strength was chosen for experimental work. The scaffolds were designed to incorporate
technigues enabling the production of 1. branching structures and 2: variation to surface
texture and structure. Each scaffolaswknitted integrally, with no waste and no pksitting
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assembly required. &nd 3 were prepared for growth using a sawdust substrate mixed with
Pleurotus ostreatusnycelium spawn, 2 contained no substrate. The growth period was 3
weeks.

Visual analysislentified excellent mycelium growth, visible on the surface of each structure.
Fabric properties were transformed by the mycelium; the biocomposite is stiff and rigid rather
than soft and flexible, the multiple connecting tubes have been bound togethéneb
mycelium solidifying the resulting geometry. Each biocomposite-sugglbrting, standing at
25-30 cm high. The surface texture created by the garter stitch has less mycelium growth,
however this has resulted in variable textures and changingsuytalities.

Table 2. Experimental Knit biocomposites

1 2 3
branching structure surface texturggarter stitch) multiple connected tubes
5 G ,‘i"" ’ ( ) :
DAL ST -
R &N 4 Vo
- e
,‘ Y, iy
£ R ‘*ﬂ “_ z":::{"
s X CreT
AL o 04 ’:
. R o
n.:- \ : .:‘ t.:ggg T,
5 N d;' %P
Wy . o ";.':V"
“’t ‘ N WA
J M_v: ! T
. ,“.‘:‘:. . 't".‘
e Y .:E“': ¢ '."!t
N e AN
' - % o
s X
14 "s

Conclusion
The visual result shovtlsat handknitting enables lasting integrity in the composite acting as

strength giving component, possibly due to higher permeabiliys might lead to the
assumption that fine gauge bindings and high twisted yarns required by the machines, could
hinder airflow as well as the digestion of the material by mycelium growth. Due to the current

Covid19 situation, lab access was not avadabl
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In this regards the visual conclusions regarding strength and integrity of growth are invite
further examination by tensile strength/compression testing.

This preliminary study identifies the potential for the development of unconventional
construction materials using knitted scaffolds for mycelium textile biocomposites. Whilst this
research reports on handknitted samples, the knowledge of material qualities and bindings can
be transferred for scale up to the built environment using digital fabricafi@rknitting
technologies such as Shima Seiki. Further research is underway by the team focuses on scale
up for the production of knit biocomposites at a building scale.
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Abstract

Bacterial cellulose (BC), a bactayathesised cellulose material, has been intensively
researched in biomedical, food and packaging over several decades. Howevelicasi@pp

Ay GKS o0dzAtfld SY@ANRYYSyd 0.90 KFa NBOSAGSR f
properties and the methods used to modify them. This capability to modify the properties of

BC offers exciting possibilities for creating building compis with low environmental

impact, enhanced properties and targeted performance. In its unprocessed hydrogel state, BC
yields promising strength and durability. This biodegradable material's production process can
be sustained by several waste streamakimg it a promising material for the circular economy.

When used in composites, BC can act as a scaffold for multiple nanoparticles and polymers,
extending its properties to, for example, provide electrical conductivity or antimicrobial
surfaces. Howevel) 2 & dzLJLI2 NI ./ Q& | LILX AQOlFGA2Yy Ay GKS
multiple scales, namely nanomicrc and macrescale. Standardised tests need to be
developed and tailored to measure BC behaviour under complex BE scenarios. Its interaction
with humidity, durability and its regenerative properties are identified as potentially fruitful
areas for further investigation.

Introduction

Bacterial cellulose, usually generated as a pure cellulose gelatinous mat, secreted by a genus
of bacteria known as Komataeibacter, has garnered increased attention over recent years.

Its first appearance in scientific paper dates to 19th century. Since then, traditional
modification methods applicable to other cellulosic materials have been tested on BC, such as
acetylaton: a chemical surface treatment that makes this hydrophilic hydrogel repellent to
water[1]. Other modification methods followed, attempting to add additional functionality or

to optimise its performance. Hu et al., have made BC membranesréhanamicrobial or
resistant to watef2]. Due to its high purity and biocompatibility, BC has been the focus of
biomedical research, as a drug delivery substrate or as artificial [Bjsuehas also been
studied as a bidegradable material source for packagjdfy To date, the only Btelated
application identified foBC has been as a reinforcing admixture for con¢tgte

BC is a product of a distinctive group of bacteria. Its formation, or fermentation, is typically
sustained in a liquid nutritious culture medium in the presence of oxygen. The culture medium
provides the bacteria with carbon and nitrogen sources, botlspedisable to support the

LINE RdzZOSNJ ol OGSNAI Q& YSGlro2tAayd {SOSNIXrf I RRA
the BC membrane property, embedding extra functionality or interfering with its formation.
The cellulosgenesis process will initiate anthe required conditions are met, when the

OF Nb2y &2dz2NDOS Aa O2 ylagncs BhaihsyapolySdedhafiliz®&Giny A y ( 2
extrusion, the cellulosproducing bacterium cell divides, creating numerous entangled and
interconnected branches of polysaccharide chains, forming cellulosic ribbons, appy6%. 40

nm wide[7]. With hydroxyl groups interacting with each other awith the water, these
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ribbons form a 3D meshed polysaccharide network in the form of a hydrogel mat that floats
on the liquidto-air interface8].

This paper draws on an extensive body of BC research. Over 250 sources from both
fundamental science, applied science and DIY experimentation were reviewed, with only the
most significantsources cited in this abstract. The paper reflects on the demands and
requirements of BC as a building material in terms of production efficiency (yield), mechanical
properties, durability, aesthetics and functionality. Chemical substances, treatments and
growing methods are reviewed in terms of their utility and efficiency. The paper also looks for
a trajectory of research that indicates possible application of BC in the built environment.

Intrinsic properties

The key properties of BC are hydrophilicity, high crystallinity, high purity, excellent
biocompatibility and U¥esistance. BC hydrogel membrane has a high water holding capacity,
thanks to the hydroxyl groups on the entangled cellulose cf&iriBhe consistently repeating
biosynthetic process also gives BC a high crystallinityelbas purity6]. Its high crystallinity
indicates higher tensile strength in comparison with other cellulosic matijalSome
researchers have suggesteldat BC is formed by the producer bacteria as a protection
mechanism against UV radiation, whilst allowing liquid culture media to access [B3ygen
Whilst these properties show potential for a range of applications in the built environment, a
deeper understanding of both BC properties and the functional requirements of different
building components is required to identify beneficial applications. In terms of the tensile
strength and elastic modulus of BC, there is considerable variation, across scientific papers due
to the varied nature of BC and means of testing. For example, fall@ame simple loading
experiments Cazén et al, record them as 20 MPa and 1GPa respdéelayal and
Catchmark report the elastic modulus to beund 7.55 MP#11]; and according to Damsin,

an unsterilised wet BC pellicle has an elastic modulus of 25 MPa, compared to 100 MPa for a
sterilised, drid BC pellicl¢12]. The literaturesearch revealed little data regarding durability
against chemical, biological or atmospheric corrosive agents, all of which are present in
SEGSNYyLFt .9 LI AOFGAZ2Yad ! -degrhdatiprii2chi@plirable S N&
to petrochemicabased polymers whose UV resistence and lbeign integrity can be
enhanced by antioxidants or stabiliz¢t8]. Furthermore, BC nebanical performance, UV
resistance and insulative properties are reported to be hurrsgibsitive[10].

Properties enhanced through modifications

In-situ modification methodsan be carried out in nanand micrescale, through editing and
selecting producer bacteria, -@olturing, choosing nutritional sources, additives and
bioreactors.

The type oproducer bacteri@an influence production efficienepd BC grown form, among
them Komagataeibacter is the most productive genus, producing long, consistent fibrils in the
form of a gelatinous m4gi.4]. As the core concept of engineered living materials, the producer
bacteria can be genetically edited at a naeale[15] and material microstructural patterns

can be generated through a genetic stratgf§]. Levantis, a biodesigner, has proposed editing
bacteria in a &y that allows their production to be activated by light, enabling localised control
of cellulose production, similar to a 3D printer]. This method could potentially be used to
growBC with complex geometries.

Coculturingis a process whereby multiple microorganisms are hosted in a single culture
medium. This method can be used to increase the yield or build in additional functions. It was
proved feasible by Liu and Catchmark, wheadtured Escherichia coto produce ayield
boosting substance for BC producer bactdfig]. Das et al. have ewltured BC with
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photosynthesising microalga, exploring their symbiotic relationship to fabricate a new type of
livingbiomaterial[19].

Carbon and nitrogen sources are indispensablawudstion and, in many cases, influence the
yield and mechanical properties. Some carbon sources can boost the production, such as
arabitol[20]. In comparison, lactose and sucrose are less effd6jv8ome are reported to
increase mechanitgerformance, like mannog@1]. An increased fireesistance can be
achieved bywsing glucose phosphate as carbon so(2@¢ Typical nitrogen sources include
yeast extract and peptone ananang them, substances like vitamins and nicotinic acid can
increase yield23]. It should be noted, however, that the use of refined chemicals, involves
intensive energy and material ing@g].

Additivescan affect production efficiency, mechanical properties and functionality. Antibiotics,
such as nalidixic acid, are reported to interfere with cell division and protein activities,
influencing mechanical properti€g. Some addives, including agar, can alter the viscosity of
the medium, and influence the yield and mechanical propef2gk Starch can also change

the medium viscosity, causing reduced crystallinity and changes in mechanical properties with
different water content{26]. Sodium carboxymethyl cellulose can inhibit the formation of
nanofibril bundles, changing the material crystallisation and internal §&éssCaffeine is
reported to stimulate the BC growth, increasing the yj2R]. Vegetable oil is reported to
significantly increase the yield and wak@iding capacity and potentia the mechanical
strength [28]. Metal and metal oxides have been used in the biomedical context to add
functions, such as antibacter[aBb].

Bioreactorsreviewed by Campano et al., are the containers where the BC biosynthesis process
occurs. Increasing the aransfer ratio is critical for biodesigners, who often use-likay
containers to produce large BC membraf83. Multiple designs of airlift bioreactors have
also been proposefB1]. Strategies, such as intermittent feeding, can make use of limited
volume to effectively interact with ajB2]. Agitation or a#pumping can increase oxygen
exchange and the yield at the cost of forming a disrupted BC [B@isPlastics such as
polyvinylchloride can be used as substrate or scaffold to host BC ¢B8ajvth

Exsitu_methodsat a macrescale involve sterilisation, drying, chemical and mechanical
treatment.

Typically the BC hydrogels dismgin the literature arsterilisedn boiling sodium hydroxide
solution, thus disabling its bacterial activityyingcan be achieved using-@onvection, heat
pressdrying, vacuunrdrying and freezelrying, though properties of BC are subject to change
[35]. Chemicatreatmenton the surface or through impregnation has been found to change

. | Qa -rgsistanSelthermal stability or stiture performance and ethylene glycol etc. can
alter the BC mechanical propert{d2]. For example, BC impregnated with glycerol is reported
to develop longerm water resistanc¢36]. And application of chitosanet@ acid solution
allows BC to develop resistance against thermal degradf8ign Chemical grafting is a
common surface treatment to make BCtlbacterial, watewrepellent or transparen{38].
Mechanical treatmentsan alter physical appearance andnforDry moulding results in
shrinkag€g[39] and hot pressing alters the physical appearance, making it brittle but stiffer
[12]. Grinding and casting BC is commonly used by designers, where BC is first shredded and a
chemical binder added, before being added to a mpld§l Stitching BC components together
also appears to be durable enough for use in clotfd6j

Opportunities and Reflection

BC can be modified at multiple scales and at many stages within the manufacturing process,

but to date its behaviour and performance has been investigated in limited contexts. iHoweve

the growing body of research indicates that BC has characteristics that are conducive to BE

applications, in terms of production efficiency (yield), durability, mechanical properties,
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aesthetics and potentially other unique functionalities. Large sd@lep®duction faces
challenges, in terms of energy and material input, when using refined substances to support
BC growth. However, research indicates that utilisation of waste streams offer potential
nutritional alternatives for BC grow{B8]. More data is needed to reveal its durability in
outdoor environments, but given its similarity to other polymers, texex applications might
be evaluated as a trad#f between decomposability and durability. However, it should be
noted that when used as a blood vessel substitute, BC is relatively durable with only negligible
degradation[41]. Vegetable oil offers an griesting path for further investigation, given its
protective nature and ability to boost production and since some types of oil are used as wood
stabilisers, this might also inform future weathering strategfi8f Oil might also turn out to
be an interesting method to achieve insulative performance, interfering with BC mesh
formation and entrapping air bubbles. BC is likely to exhibit lowes&lstance, a similar
challenge faced by many polymers, axsplly in the absence of antioxidants or stabiligZe3f
Its mechanical performance and UV resistance are also reportbd tmmiditysensitive,
which is a significant issue for external built environment applicai@®® LYy I RRAGAZ2Y
reaction to water may offer unig strategies to manage wateglated aspects. Its mechanical
and aesthetic properties are demonstrated through apparel defi@hsAlthough exhibiting
limited strength and stiffness in its raw form, this can be compensated for byrsgbetiright
nutrition, additives, irsitu and exsitu composites and treatment. Notably, similar to an
StFrad2YSNE ./ Q& YAONERa(IG NIMBI WithBut stefiligatiolNFhe £ A Iy
bacteria are likely to remain alive, maintaining a certain level efiasglihg for the material.
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context, need further study.
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Coupled simulations of bacterial evolution and mineral dissolution/
precipitation

Enrico Masoero, Denis Taniguchi, Irina Dana Ofiteru

School of Engineering, Newcadileiversity, Newcastle upon Tyne NE1 7RU, UK

Abstract

The engineering of bacterial activity for material production is subject of increasing interest from the
scientific community. An important example is controlling microbially induced calcium carbonate
precipitation to repair cracks in séléaling concrete. The current understanding of such processes is
mainly empirical, due to the difficulty to model the underlying complex coupling between chemical
reactions, mechanical interactions, and morphologyuiani. Here we present a new simulator which
combines statef-the-art computational models of bacterial metabolism and mineral
dissolution/precipitation. The simulator is based on the Kinetic Monte Carlo method and predicts
evolutions of bacterial colorsewithin the pore of concrete, where the evolving chemical composition
of the pore solution controls the coupling between bacteria and minerals over time. Results include
temporal evolutions of the pore chemistry and of the chemical compositions, morEsland
mechanical properties of both the bacterial colony and the minerals. The presented simulator provides
a new way to predict the interaction between bacteria and minerals in concrete, with potential to
support the development of future designs fetfdealing materials in engineering.

Introduction

There is a growing interest in engineering the activity of bacteria to produce bespoke materials.
An important example is controlling microbially induced calcium carbonate precipitation to
repair cracksni selfhealing concrete. The current understanding of such processes is mainly
empirical, due to the difficulty to model the underlying complex coupling between chemical
reactions, mechanical interactions, and morphology evolution.

Here we present a newnsulator which combines statef -the-art computational models of
bacterial metabolism and mineral dissolution/precipitation. It features a betimpproach
based on first principles that allows a more generic representation of the phenomena. The
simulabr is based on the Kinetic Monte Carlo method and predicts evolutions of bacterial
colonies within the pores of concrete, where the evolving chemical composition of the pore
solution controls the coupling between bacteria and minerals over time. Restliidein
temporal evolutions of the pore chemistry and of the chemical compositions, morphologies,
and mechanical properties of both the bacterial colony and the minerals. The presented
simulator provides a new way to predict the interaction between bacshminerals in
concrete, with potential to support the development of future designs forhsalfing
materials in engineering

Materials and methods

The simulations consider the-ewolution of cement minerals and bacteria irepresentative
volume with linear lengtiscale of some tens of micrometres. Bacteria are modelled
individually as micrometrsized spherical particles that can grow, duplicate, and die, while
consuming a background agueous solution of nutrients and ibaxément minerals are also
represented as micrometrgized spherical particles, each coagsaining billions of molecules

of the corresponding solid. The mineral particles can dissolve or nucleate depending on the
surrounding solution chemistry and onethmechanical interactions with other mineral
particles or bacteria.
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Bacteria growth is governed by the stoichiometry of the chemical reactions for the intake and
products of the bacteria metabolism allowing different chemical forms to coexist and therefore
take into account the variation in pH. Spatial distribution is highly affected by the mechanical
interactions and division. Diffusion of chemical species within the simulated environment is
also taken into consideration, as well as the increase/decangentration due to bacterial
activity. A detailed description of the software framework developed for the simulation of
bacteria can be seen in [1] and its application with focus on the thermodynamics and the
impact of chemical speciation in [2].
Bacterid processes are modelled as a continuous integration of changing rates for growth,
nutrient consumption, etc. Mineral evolution instead is simulated as a sequence of discrete
events constructed with the Kinetic Monte Carlo method. At any given configuodtibe
system, the algorithm computes the rate of each possible discrete event, which here are the
dissolution of any mineral particle, or the nucleation of a particle of any allowed type at a
sufficiently large number of locations within the simulatlmox. More details about the
algorithm for particle insertion and deletion are available in a separate publication [3]. The rate
of a dissolution or nucleation event is computed following classical Transition State Theory,
which provides rate equations fone-molecular reactions. These rate equations depend on
the stoichiometry of the underlying chemical reaction, on the corresponding equilibrium
constant, on the concentrations of involved ions in solution (more specifically, on the
saturation index of the chemical reaction), on the surface energy of the mineral, and on the
interaction energy between the mineral particle to be dissolved or nucleated and other
particles. The interaction energy is computed using LAMMPS, as a paesg@rdent pairwise
spheiical interaction potential of harmonic type (viz. a linear spring) parametrised to represent
the surface energy and mechanical properties of the mineral at the nanoscale [3, 4].
The rates provided by Transition State Theory refer to enwlecular chemal reaction, but
dissolution and nucleation of a mineral particle in our simulations are a agaised
representation of billions of such reactions for each event. Rigorous @paisag schemes
can be developed (e.g. in [3]) but for the sake of switypbnd given the demonstrative nature
of this manuscript, here we decided to assume that all the chemical reactions involved in the
dissolution or nucleation of a mineral particle occur in parallel, at the same time. This means
that the coarsegrained ate to dissolve or nucleate a en@crometre particle is taken to be
the same as the rate for a umolecular chemical reaction from Transition State Theory. This
approximation leads to a significant underestimation of the time scale for dissolution and
nucleation, but this is compensated for by fitting the activation free energy for the chemical
reaction, which defines the rate prefactor in the Transition State Theory equations, until the
time scale goes back to one that is reasonably close to the expésimee.
To combine the evolution of bacteria with that of minerals, our new simulator considers a
single timeline for all the possible events and, at the generictfithevaluates when the next
discrete event of mineral dissolution or nucleation take place. This is based on the Kinetic
Monte Carlo which specifies that the average time for a discrete event to occur is linked to the
inverse of the total rate of all possible events, all of which can be calculated referring to the
Transition State Tloey approach described above. For the continuous integration of the
bacterial evolution, instead, the simulator requires the user to specify the timedsiaip
integration and the number of stepgo be carried out before considering whether a discrete
event of mineral dissolution or precipitation should occur. If the time of occurrence of the next
discrete event is greater thamdt, then the bacterial evolution is integrated, otherwise the
discrete event is carried out. Care is taken to synchronisarteescales but such a level of
detail in the explanation is left to future contributions.
The coupling between mineral and bacterial evolution emerges from two aspects. First,
bacteria and minerals occupy the same simulation box and interact mechamecpdientials,
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similar to the harmonic one that has been mentioned already for the mineral particles. Second,
bacteria and minerals are in contact with the same aqueous solution, whose chemical
composition changes over time due to bacterial activity anderal dissolution and
precipitation. For the biomineralization process, this makes it possible for bacteria to release
CQ into the solution and for minerals to take it up and form calcium carbonate.

This manuscript presents first results from our newpbed: simulations. For now, the only
minerals that have been considered are calcium hydroxide and calcium carbonate, whose
dissolution reactions follow the stoichiometries and feature the rate parameters listed in Table
1. Precipitation rates are obtained mverse dissolution rates, thus using the same parameters
as in Table 1.

Table 1. Stoichiometry and rate parameters of the mineral dissolution and precipitation
reactions [5,6]

Reaction Ca(OH)i C&*+ 20H
Equilibrium constantd 5.5t 10°
Watersolid interfacial energy(mJ/n¥) 68.4
Activation energpG* (mJ) 4,932t 107
Reaction CaC@i C&'+C@
Equilibrium constantdg 3.7t 10°
Water-solid interfacial energy(mJ/nv) 120
Activation energpG* (mJ) 5.836t 107

Results and discussion

Two sets of results are presented here, to show the capabilities of the new simulation
technique. The first set of results concerns the-lse#ling of a crack in calcium hydroxide
without bacteria involved. The second result shadwesdeevolution of a calcium hydroxide,
calcium carbonate, and bacterial colony system. Figure 1.a shows ecracked domain of
calcium hydroxide that is coargeained as an ordered arrangement of spherical particles of
Ca(OHwith diameter of Irm. The crack is filled with an aqueous solution of?C@ith initial
concentration of 1 mol/L. The system is considered as a closed one, meaning that chemicals
cannot diffuse into or out of the simulation box. Periodic boundary conditions are set in all
directions. Since no bacteria are present, the only chemical reactions that can occur are the
dissolution and precipitation of calcium hydroxide and carbonate.

These initial results predict the expected evolution of the system (Figure 1). Initially, the
abserce of Ca ions in solution promotes dissolution of Ca(®@id)the concentration of Ca in
solution increases, the high concentration of,Z®ill rapidly lead to supersaturation with
respect to CaC{precipitation, and the higher molar volume of the carlencompared to

the hydroxide will lead to progressive filling of the crack. The beneficial impact of this
autogenous (viz. without bacteria) sk#aling process are shown in Figure 2, which indicates

a significantly improved stressrain behaviour of th healed system when subjected to
uniaxial tension in the direction perpendicular to the plane of the crack.
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Figure 1. Cracked domain of calcium hydroxide (a) before and (c) after autogenrous self
healing due to calcium carbongteecipitation. (b) Temporal evolution of number of solid
particles, discretising the domains of calcium hydroxide and carbonate. (d) Solubility plot of
the solution as it evolves during the simulation.
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Figure 2. Stresstrain curves of the system in &g 1, before (left) and after (right) self
healing.

Figure 3. The evolution of the coupled mineral (red, blue, and light yellow are £ d¢Dikéx
yellow is CaGorming) and bacteria (pink) simulation
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